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ABSTRACT
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Active Control with Dielectric Barrier Discharge Actuators Applied to
High-Lift Devices
by Scott Chappell
An experimental investigation examined the capability of dielectric barrier discharge
(DBD) actuators to control a high-lift device system. Aerodynamic tests investigated
the potential of utilising the actuator to control the ap side-edge vortex ow eld.
Acoustic tests examined the attenuation of slat noise with a DBD actuator.
The sparse knowledge related to the control of a vortex ow eld with a DBD actuator
necessitated a more fundamental study that used a NACA 0015 wing. From this study,
it was shown that the application of control resulted in a more diused tip vortex. The
actuator's ability to control the evolving vortex ow eld was weakly dependent on the
Reynolds number but strongly dependent on the angle of attack. Consequently, a DBD
actuator was applied to a ap side-edge. However, it was concluded that the actuator
had no discernible eect on the ow eld due to its addition of momentum being too
low to destabilise the formation of the ap side-edge vortex.
The slat research concerned the attenuation of the leading-edge component of high-lift
device noise. At an angle of attack of two degrees, several tonal noise components
with broadband content appeared in the slat noise spectrum. These noise features were
successfully suppressed with a DBD actuator operating in open-loop control. For closed-
loop control, a quasi-static feedback controller was implemented. Comparable levels of
performance were obtained for both control methods with more than a 20 dB reduction
achieved in the dominant tonal noise feature.
The research conducted shed new light on the application of DBD actuators to control
the high-lift device system. However, further research is needed if the device is to be
utilised to control ap side-edge ow eld. The attenuation of slat tonal noise with
broadband content was achieved with the actuator.Contents
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Introduction
1.1 Background
Aircraft noise has become an important consideration for civil aircraft manufacturers
for a variety of reasons. Indeed, airline operations are restricted by the stringent nature
of civil aviation noise regulations. Moreover, aircraft noise pollution has become a
point of contention against the expansion of airports, such as the recent arguments
against the construction of a third runway at Heathrow [6{8]. The Advisory Council for
Aeronautics Research in Europe (ACARE) has set an environmental target of reducing
the perceived noise from aircraft by 65% by the year 2050, which is equivalent to a 15
dB noise reduction [9]. Certain methods can be implemented to reduce noise levels such
as adopting operational restrictions, but these would provide only a short-term x [10].
If the ACARE target is to be achieved, signicant advances must be made in the noise
suppression technologies that are implemented on aircraft [10].
Over the last few decades research has been conducted into understanding the mecha-
nisms of, and developing means of attenuating, aircraft noise [11]. Aircraft noise comes
from two main sources, the engine and airframe. During the approach phase, with the
invention of technologies such as the high-bypass ratio engine, the noise generated by the
airframe can be comparable to engine noise particularly for large aircraft. Furthermore,
during the approach phase, an aircraft ies at a relatively shallow glide slope, which
exposes the residences near airports to extended durations of higher noise levels [10].
To obtain an overall noise reduction during the aircraft's approach, both engine and
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airframe noise components need to be lowered. The main contributors to airframe noise
are landing gear and high-lift devices [10, 11] (Figure 1.1).
Figure 1.1: Major classical components of airframe noise. Image modifed from [11].
The high-lift device component of airframe noise can be broken down into two parts, the
leading-edge slat and the trailing-edge ap (Figure 1.2). Slat noise represents a complex
aeroacoustic problem and the underlying mechanisms governing its generation have been
extensively explored over the past few decades [11]. Slat noise is generally agreed to be
broadband in nature and in some cases is superimposed by tonal components [12, 13]. In
relation to ap noise, a strong vortex exists at the ap side-edge and has been identied
as being a strong source of airframe noise [14, 15]. The slat is the dominate source of
noise in the low-to-mid frequency domain, well at higher frequencies the ap noise is the
main contributor [16].
With regards to the attenuation of high-lift device noise, ow control is implemented
with the aim of reducing the aerodynamic generated sound. Passive ow control devices,
such as liners or permeable layers, have been developed, although they do not work well
at o-design condition [17, 18]. Active devices, such as blowing jets, have installation and
maintenance issues [19]. Presently few approaches have been developed that eectively
attenuate the high-lift device component of airframe noise. Furthermore, most of the
techniques developed have disadvantages that have prevented them from being widely
adopted. The current research is motivated by the need to develop an eective means of
controlling the high-lift device system. The research conducted herein, mainly fundedChapter 1 Introduction 3
by the EU FP7 Plasmaero project1, examined the capacity of a plasma actuator to
achieve this aim. In relation to aeroacoustics, the plasma actuator has been proven to
be an eective device for attenuating ow-induced noise [20, 21]. However, to date, the
literature relating to the implementation of plasma actuators for high-lift device noise
control is sparse.
Main element Slat Flap U1
Figure 1.2: Example of a wing in landing conguration.
1.2 Aims of Thesis
An experimental investigation was conducted that aimed at examining the capability
of a plasma actuator to control the ow eld associated with a high-lift device system.
Since the research focus was on the application of the actuator for ow control, not on
the actuator development itself, the commonly used dielectric barrier discharge (DBD)
actuator was implemented in this research [22]. Control of both the leading-edge slat
and trailing-edge ap components of the high-lift device system with DBD actuators
was investigated.
The specic objectives of this research in relation to the ap were:
 The primary objective was to experimentally investigate, with a symmetric wing,
the potential of utilising DBD actuators to control a tip vortex ow eld. The
target was to demonstrate the ability of the device to control a vortex ow eld,
warranting the investment needed to construct a high-lift device model. The de-
pendency of the actuator's performance on several parameters such as the chord
based Reynolds number, the angle of attack of the wing, and the induced velocity
of the actuator, were investigated.
 As discussed in the following literature review, weakening and/or displacing the
ap side-edge ow eld present on the suction side of the ap would have positive
1European Communitys Seventh Framework Programme FP7/2007-2013 under Grant Agreement
no.234201 www.plasmaero.eu.Chapter 1 Introduction 4
implications regarding the attenuation of ap side-edge noise. The second objective
of this research was to investigate if this eect could be achieved by applying a
modied version of the actuator conguration developed during the symmetric
wing research to the ap side-edge of a three-element wing. The geometry of this
three-element wing was xed and representative of a generic landing conguration.
In relation to the slat, the specic objectives of this research were:
 Following the results of a previous study [23] on a two-element model (slat and
main element), the attenuation of the slat component of high-lift device noise was
considered to be a good candidate for control with a DBD actuator. The rst
objective was to demonstrate the ability of a DBD actuator to attenuate slat tonal
noise with a wing in landing conguration (deployed slat and ap).
 Subsequently, another objective was to further develop the technique of attenuating
slat tonal noise with a DBD actuator, including parametric studies of open-loop
control and of a feedback controller.
1.3 Structure of Thesis
This thesis is divided into ve main sections. Firstly, a review of the relevant literature
and a discussion on previous work relating to DBD actuators, tip vortices and the high-
lift device system are presented in Chapter 2.
Secondly, the experimental methodologies, including model geometries and set-ups, are
discussed in Chapter 3.
In the third section, the experimental results of vortex ow elds are presented and dis-
cussed in Chapters 4 and 5. Chapter 4 describes the baseline properties of a symmetric
wing and ap side-edge vortex ow elds. Following this, Chapter 5 examines the capa-
bilities of the DBD actuators to control the respective ow elds of the symmetric wing
and ap side-edge. In the symmetric wing experiment, DBD actuators were applied to a
round tip of a single-element wing. Boesch et al. [19] demonstrated that DBD actuators
applied to a round tip wing could inuence the vortex ow eld. However, unlike in
the work of Boesch et al., the research presented herein experimentally examined theChapter 1 Introduction 5
DBD actuators' eect on the ow eld of the tip vortex. Following the symmetric wing
research, DBD actuators were applied to the ap side-edge and their eect on the ow
eld investigated. To date, no publications could be found in the literature in relation
to DBD actuators for ap side-edge ow control.
The fourth section, Chapter 6, discusses the experimental investigation that was con-
ducted into the application of a DBD actuator for the attenuation of slat noise. This
research was a continuation of the work conducted by Chen [23], who developed a quasi-
static feedback controller with a DBD actuator to attenuate slat tonal noise on a two-
element model (deployed slat only). This research expanded on the work of Chen by
considering the wing in landing conguration. The novelty of the research presented
in Chapter 6 was not only in the geometry being tested but also in the optimisation
of open-loop active control, and the development of a new approach for slat feedback
control.
Finally, in the fth section, conclusions on the experimental results, and recommenda-
tions for future work, are presented in Chapter 7.Chapter 2
Literature Review
A survey of the literature pertaining to the tip vortex and high-lift device system has been
conducted. The ndings of this survey are presented herein, with the literature discussed
under three main headings. Section 2.1 examines the features associated with wing tip
vortex and ap side-edge ow elds, and control methods that have been developed
to attenuate them. Section 2.2 concerns the slat system and references relating to
the aerodynamics, aeroacoustics, and control of the slat system are discussed. Finally,
Section 2.3 introduces the plasma actuator as a means of active control.
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2.1 Tip Vortex Flow Fields
2.1.1 Wing tip vortex
The eventual formation of wing tip vortices can be described in several ways [24]. The
rst is to consider the pressure eld that exists near the wing tip. The lift force generated
by a wing is primarily due to the pressure dierence that exists between the upper (low
pressure) and lower (high pressure) surfaces of the wing. A common notation is to refer to
the upper and lower surfaces of the wing respectively as the suction and pressure sides.
The pressure dierence that exists between the two surfaces results in uid particles
accelerating from the pressure side of the wing tip. Figure 2.1 shows streamlines near
the tip region being accelerated over the wing tip. The presence of the free-stream ow
and the gradual equalisation of the pressure means the particles cannot move indenitely
in the spanwise direction and are swept downstream as a consequence [25]. The resulting
eventual rotational ow structure is known as a tip vortex and this high strength vortex
has been described as being very persistent [26]. An alternative explanation for the tip
vortex formation evokes Helmholtz laws [24]. If a nite wing is accelerated from rest,
then in order for the wing to generate lift there must exist a net circulation around the
wing (the bound vortex). Kelvin's theorem demands that this circulation is matched by
an equal and opposite shed circulation, or the starting vortex. These vortex lines can
never end in a uid, therefore these two vortices must be connected by tip vortices.
Figure 2.1: Streamlines near the region of a round tip wing demonstrating the for-
mation of a tip vortex [25].
In wing tip vortex studies, the denition of near and far eld positions is subjective [25].
The near eld of the tip vortex ow eld is generally considered to be the region overChapter 2 Literature Review 8
which the ow eld evolves to form the vortex structure, entraining vorticity from the
wing boundary layer. The far eld is considered to be the region where the vortex is
fully rolled up and is fairly independent of initial conditions. There have been numerous
experimental, theoretical, and computational investigations into the tip vortex ow eld
and its dissipation or persistence from moderate to far elds [27{30]. In the near eld,
several studies have examined the initial roll up, the subsequent evolution, and possible
means of controlling the tip vortex [31{37]. These studies concluded that the trailing-
edge shear layer rolls up rapidly into a spiral that gets tighter as the ow proceeds
downstream and eventually forms a vortex. In the far eld, the vortex has been found
to be largely axisymmetric [30].
The ow in the near eld of a wing tip vortex is largely turbulent, highly three-
dimensional, and contains high ow gradients [38]. The presence of ow separation
on the top surface and the formation of a secondary vortex, of opposite sense to the tip
vortex has been commonly observed [25, 38]. Eventually, the primary and secondary
vortices merge into one coherent vortex. Evolution of the tip vortex continues down-
stream of the trailing-edge, entraining vorticity from the wing boundary layer. It is
the combination of the tip vortex and wing boundary layer that constitutes the trailing
wake system. The characteristics of the wake system are very sensitive to parameters
such as the loading distribution and surface geometry [25]. Key characteristics of tip
vortices include their high peak tangential velocities [24] and persistence [26]. Tip vor-
tices primarily decay due to natural sinusoidal instabilities that are excited by the pair
of counter-rotating vortices generated at the wing tips. These instabilities were initially
suggested by Crow [39]. However, it has been documented that it takes hundreds of
span lengths for these instabilities to take eect [26]. As a consequence, the tip vortices
remain strong for an undesirable amount of time.
Tip vortices have presented signicant technological challenges in a wide range of aerody-
namic applications. For example, as shown in Figure 2.2, the vortex generated around
the aircraft wing tip can result in hazardous eects to aircraft ight [27, 28, 40{42].
Consequently, there is a minimum required distance between aircraft taking o and
approaching an airport [43]. The induced drag component caused by tip vortices [33]
continues to concern aircraft manufacturers. Tip vortices shed from rotor and wind tur-
bine blades can lead to rotor noise, mechanical fatigue, and vibration [27, 32]. Lastly,
various research has identied the ap side-edge vortex as being an important componentChapter 2 Literature Review 9
of high-lift device noise [11, 15]. These technological challenges have prompted numerous
experimental, computational, and analytical studies. However, the understanding into
the near eld tip vortex formation has been more qualitative than quantitative [25].
Figure 2.2: Potential hazardous eects caused by an aircraft wake. Image modied
from [41].
Experimental studies on wing tip vortices have primarily focused on the mean ow
measurements in the far eld. However, these far eld measurements are aected by the
phenomenon of vortex meandering, or wandering. Vortex wandering, as it will be referred
to from herein, is dened as the apparent random motion of the core normal to the vortex
axis [44]. The phenomenon has been attributed to a variety of reasons including free-
stream turbulence [30, 45] or perturbation due to the rolling up of the shear layer [46].
Furthermore, it is thought that wandering exists in wind tunnel studies and not in the
extremely low free-stream turbulence environment found in ight [38]. This wandering
motion leads to uncertainty in the measured tip vortex location and it has been shown
to aect the mean tip vortex properties [30, 45, 47{49]. For a time averaged ow eld,
wandering has the eect of reducing the maximum tangential velocity, increasing the
vortex size and causes anomalous results in the turbulent statistics. Davenport et al.
[30] found that the errors in the time averaged data due to wandering were signicant
only within the vortex core, and that wandering occurred in a broadband low frequency
range. Furthermore, in the near eld, the vortex wandering has been described as only
having a small inuence on the vortex core parameters [38], but near eld measurements
are complicated by the large ow gradients and turbulent intensities [25].
The axial velocity component of the tip vortex ow eld can exhibit jet or wake like
characteristics [34, 50, 51]. Two primary mechanisms have been described as aecting
the axial velocity of a vortex during the rolling up process [52]. First is the momentum
decit caused by the boundary layer on the wing that reduces the axial velocity. SecondChapter 2 Literature Review 10
is the axial variation of the core tangential velocity, which gives rise to an axial pressure
gradient. During the roll up process, the tangential velocity increases with streamwise
distance (x=c) as it advances downstream of the wing trailing-edge creating a negative
axial pressure gradient and an increase in the axial velocity [34]. It should be noted that,
for consistency when referencing the literature, x=c = 0 has been dened as equalling
the location of the wing's tip trailing-edge. Green and Acosta [48] measured the in-
stantaneous velocity distribution around a low Reynolds number (Re) round tip wing.
Very long-wavelength (slow) axial unsteadiness was observed at an angle of attack of 10
degrees but not at 5 degrees. The mean centreline axial velocity was found to increase
with angle of attack and decrease with distance downstream. Furthermore, it was found
to be independent of Reynolds number at small-downstream distances but a strong func-
tion of Reynolds number at larger values of x=c. The normalised tangential velocity was
found to be independent of both Reynolds number and downstream location, meaning
vortex roll up occurs over a very short distance and vortex diusion is very slow.
Ramaprian and Zheng [31] measured the three components of the instantaneous velocity
eld in the near wake of a rectangular wing using laser doppler velocimetry (LDV). Roll
up was concluded as occurring quickly, and the inner part of the vortex became nearly
axisymmetric within a distance of approximately 2 chord lengths downstream of the
wing's trailing-edge. The vortex core was dominated by axial vorticity, maximum at
the centre and decreased to nearly zero due to viscous/turbulent diusion in the outer
part of the vortex. No velocity excess was present within the vortex in any of the cases
studied by Ramaprian and Zheng, which is in contradiction with Green and Acosta [48]
observations. This diering trend was hypothesised as being down to dierences in wing
loading or Reynolds number between the two experiments, although Ramaprian and
Zheng gave no rm conclusion.
Birch et al. [27] conducted experimental tests with a square tip NACA 0015 wing
and high-lift cambered airfoils at a chord based Reynolds (Re) number of 2.01  105.
A seven-hole pressure probe was used to investigate the properties of the near eld
formation of the tip vortex across a streamwise distance ranging from -0.5 to 4. Birch et
al. [27] concluded that for both airfoils tested the vortex strength reached a maximum
immediately behind the trailing-edge of the wing and remained nearly consistent up
to two chord lengths downstream from this position. A strong dependency on the
vortex strength and peak tangential velocity with angle of attack was found, which wasChapter 2 Literature Review 11
concluded to be due to the associated increase in lift. The vortex radius did not appear
to have a strong dependency on the vortex strength. As reported in previous literature,
depending on the angle of attack, the authors found that the core axial velocity could
exhibit jet-like or wake-like characteristics. The NACA 0015 wing reportedly had a
smaller tangential velocity and vortex core diameter compared to those of the cambered
airfoil.
Chow et al. [38] experimentally investigated the near eld formation of a tip vortex
across a low aspect ratio NACA 0012 at a Reynolds number of 4.6  106 and  = 10
degrees. The mean velocity, static pressure, and turbulent quantities were measured up
to 0.68 chord lengths downstream of the wing's trailing-edge. A high axial velocity excess
of 1.77 U1 was reported, and was attributed to the high Reynolds number. Turbulence
levels in and around the vortex core were initially very large. This was described as
being due to the turbulence in the wing tip boundary layers being wrapped into the roll
up of the vortex. A rapid decay in turbulent quantities with downstream distance was
observed, due to the stabilising near solid-body rotation of the vortex core mean ow.
2.1.1.1 Dependency of vortex formation
This section examines several of the dependent variables that have been identied in the
literature as aecting the features of a tip vortex in the near eld. For the symmetric
wing research of this thesis, the knowledge gained from understanding the inuential
parameters of the near eld tip vortex evolution fed directly into the experimental strat-
egy outlined in Chapter 3. The near eld core vortex parameters have been described
as being largely aected by the angle of attack (), distance downstream stream of the
measurement (x=c), tip geometry, airfoil shape, Reynolds number, surface roughness,
measurement resolution, and the experimental technique used [53]. Table 2.1 sum-
marises some of the key results obtained from experimental studies that have examined
the evolution of tip vortices. This table demonstrates a large scatter in the vortex prop-
erties, which is probably due to the varying experimental congurations tested across
the literature.Chapter 2 Literature Review 12
Angle of Attack
Numerous studies have demonstrated the importance the angle of attack has on the
characteristics of the vortex formation [27{31, 35, 50, 53, 54]. All concluded that in-
creasing the angle of attack resulted in a linear increase in the strength and size of the
tip vortex, up until the stall angle (s). This can be explained by Prandtl's lifting-line
theory. This theory equates the circulation strength of a vortex to the strength produced
by the bound vorticity at the wing root, which is proportional to the lift produced or
angle of attack [50]. Birch et al. [27] stated that the size of the vortex did not appear
to have a clear dependency on the strength of the vortex. From the literature, it is clear
that the angle of attack is an important variable that will need to be investigated in
both the symmetric wing and ap side-edge experiments. The alteration of this param-
eter will allow for the examination of the DBD actuator's performance under changing
conditions of the vortex ow eld.
Airfoil shape
McAlister and Takahashi [29] examined the eect of both the wing chord and aspect
ratio (AR) on the properties of the vortex. In the case of the chord, three square tips of
varying chord lengths (c = 0.305, 0.412, and 0.518 m), but with the same aspect ratio,
were tested. Furthermore, the Reynolds number (U1c=) and circulation (CLU1c=2)
were xed by keeping U1c and CL constant. The Mach number did change, although the
compressibility eects were not considered to be a factor, as M  0.3. At x=c = 0:1 and
4, McAlister and Takahashi found the maximum vertical and axial velocity components
to be dependent on the chord of the wing. The relative diameter (radius of vortex
divided by c) decreased with increasing chord.
Adopting a similar approach to that used when examining the chord, McAlister and
Takahashi [29] also examined the eect of aspect ratio (AR = 6.6, 8.1, and 9.6) using
a wing with a chord of 30 cm. At x=c = 0.1 and 4, the maximum non-dimensionalised
velocities showed some dependency on AR, however the results were too inconsistent to
draw any conclusions. The relative diameter of the vortex decreased as the aspect ratio
increased.
With regards to the airfoil section, Duraisamy [25] investigated computationally the dif-
ference between the vortex characteristics produced from NACA 0009 and 0015 airfoilsChapter 2 Literature Review 13
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sections. The Reynolds number was xed at 4.6  106. The author stated that the thin-
ner airfoil \exhibited advanced separation" due to the larger adverse pressure gradient
resulting from the reduced tip size. This advanced separation caused the feeding sheet
to lift o the surface and result in the tip vortex roll up occurring more rapidly for the
thinner airfoil case.
Tip Geometry
The most commonly tested tip geometries in the literature were square and round. The
most distinguishing dierence between these two cases related to the separation of the
ow. For the case of the square tip geometry, the separation location was governed by the
geometry. Thompson [57] reported that the sharpness of the square tip caused the ow
to separate at the tip edge, this was proceeded by formation of secondary and tertiary
vortices that eventually merged downstream. In the case of a round tip geometry, the
separation point is related to the magnitude of the adverse pressure along the tip surface.
Only a single separation line was present for the round tip case. As a consequence of
the multitude of vortex structures that were present in the square geometry case, the
vortex of the square tip appeared more diused than that of the round tip case [25, 57].
Thompson [57] reported that the single separation line of the round tip case resulted in
the presence of a \cleaner and more concentrated vortex". Several studies have reported
a smaller peak tangential velocity and larger vortex radius for the square tip case than
that of the round tip [25, 25, 50, 53]. For example, Anderson and Lawton [50] found
that the core radius for the square tip wing was approximately 30% larger than that
of the round tip. McAlister and Takahashi [29] observed that the circulation of vortex
generated by either the square or round tip geometry was comparable. Despite the vortex
produced by either tip geometry having comparable circulation, the vortex produced
with a round tip wing had a smaller diameter and hence had a higher circulation density
[50].
Reynolds Number
Birch et al. [35], who experimentally tested a high-lift Bombardier Research and De-
velopment wing, reported that the non-dimensionalised vortex strength reduced with
increasing Reynolds number. Furthermore, the authors concluded that the radius of
the vortex was a weak function of Reynolds number, although noticeable dierences inChapter 2 Literature Review 15
the vortex size at two Reynolds number were present at high angles of attack (  10
degrees). Duraisamy [25] computational investigated the eect of Reynolds number on
the properties of a tip vortex with a round tip NACA 0012 at  = 10 degrees. A more
diused vortex and increased separation occurred at the lower Reynolds number. This
was accompanied by a decrease in the maximum tangential velocity and an increase in
the vortex radius. This was due to the larger viscous forces present at the lower Reynolds
number. Shekarriz et al. [34] stated that \at Re < 105 the entire ow structure, in-
cluding the overall circulation, uctuates from one experiment to the next." This was
speculated to be due to boundary layer transition on the surface of wing.
Surface roughness
McAlister and Takahashi [29] placed a serrated tape along the span near the leading-
edge of the wing to produce a boundary layer trip. The eect of the trip was examined
at x=c = 4 for Re = 1.5  106 and  = 12 degrees. A slight reduction in the maximum
vertical velocity component and an increase in the core radius were observed for the
tripped case. The most obvious eect of the trip was the alteration it had on the axial
component of velocity. Tripping the ow resulted in the ow changing from a wake-like
to jet-like state.
The important parameters that most strongly inuence the tip vortex characteristics
are , x=c, tip geometry, and grid resolution [29]. Each of these variables were carefully
considered when designing the experimental strategy of the symmetric wing research.
Numerical studies concerning tip vortices are numerous [25, 36, 58{63]. Duraisamy
[25] conducted a thorough computational investigation, but his focus was more on grid
generation and algorithm development. Churcheld and Blaisdell [58] solved the com-
pressible RANS equations and compared the data to experimental results [38]. Tables
2.2 and 2.3 show the grid spacing they used. Using a Courant{Friedrichs{Lewy number
(CFL) of 1.3, fth-order spatial discretisation, a 5.3  106 cell grid, and a ow eld
initialised to free-stream conditions, roughly 1.0 to 1.2  105 iterations were necessary.
The authors concluded that the Spalart{Allmaras turbulence model with corrections for
rotation and streamline curvature could predict the mean ow quantities accurately, a
0.6% error in the axial velocity was calculated. However, accurate numerical resolution
of the turbulent quantities in the core was not possible.Chapter 2 Literature Review 16
Table 2.2: Grid spacing in the boundary layer used by Churcheld and Blaisdell [58].
Leading-edge spacing
Normal 1.0  10 6c
Streamwise 1.0  10 6c
Trailing-edge spacing
Normal 5.0  10 6c
Normal (tip region) 2.0  10 6c
Streamwise 1.0  10 4c
Table 2.3: Grid spacing in the vortex core used by Churcheld and Blaisdell [58].
Location Grid spacing
Cross-stream 2.083  10 3c
Streamwise at the trailing-edge 1.0 x 10 4c
At x=c =0.667 5.2  10 2c
At x=c= 3.0 1.46  10 4c
Points across the estimated core 21
Errors resulting from poorly constructed grids can result in the numerical diusion of
the tip vortex signicantly varying from that of physical diusion. This has been cited
as being the primary factor for causing inaccuracies in most tip vortex calculations [25].
The high gradient regions that need accurately resolving are the viscous sub-layer, the
vortex core and the near eld wake. Table 2.4 shows the distribution and dierencing
schemes used by previous studies. The 3rd order scheme used by Wells [60] has been
described as being inadequate for full-resolution of the tip vortex over a long distance.
High-order-accurate dierencing schemes have been shown to reduce numerical diusion
errors [62] and relax the grid requirements needed to resolve the vortex core. Egolf
[61] concluded that 14 grid points across the vortex core and a fth order scheme was
required for minimal diusion over a long distance. While a 9th order scheme and
only 7 grid points had convection described as almost \perfect" convection. If the
accurate resolution of the vortex core is required, clearly a signicant computational
expense exists. Considering the experimental focus of the research presented herein, the
computational part of this research was undertaken with the aim of supplementing the
experimental work.Chapter 2 Literature Review 17
Table 2.4: Examples of grid distributions across vortex core and order of dierencing
schemes implemented in the literature.
Reference Number of grid points Order of dierencing scheme
Egolf [61]
14 5th
7 9th
Duraisamy [25] 10 5th
Churcheld and Blaisdell [58] 21 5th
Wells [60] 16 3rd
2.1.1.2 Wing tip vortex control
Gad-el-Hak [64] described ow control as an \attempt to alter the character or disposi-
tion of a oweld favorably." The author further went on to classify ow control into
two broad groups, active and passive. Active control was dened as control where ex-
ternal energy has been supplied e.g. blowing, plasma actuators etc. On the contrary,
no external energy has been supplied to passive control e.g. porous side edge treatment,
fences etc. A large proportion of the research relating to tip vortex control have inves-
tigated reducing the hazardous eects associated with the trailing wake system. When
implementing control to achieve this, the aim has been to reduce the maximum tangen-
tial velocity. The long-term behaviour of tip vortices is still under debate, some argue
that the vortex strength reduces due to dissipation, whereas others are of the opinion
that an instability driven \crisis" must occur for the wake to destruct [26, 65]. The
diering opinions have resulted in several approaches being investigated, a reduction in
the vortex wake hazard could be achieved in one of three main ways [25]:
 Increasing diusion
Introducing turbulence into the vortex would cause it to diuse.
 Decreasing circulation
Reducing the vortex strength could be achieved by causing cross-diusion and
cancellation with a counter-rotating vortex.
 Inducing instabilities
Exciting the natural instabilities present in a tip vortex would lead to the break-
up of the wake [66]. Crow and Bate [67] proposed that the instabilities could be
forced.Chapter 2 Literature Review 18
Passive control
Heyes and Smith [66] experimentally investigated the near eld interaction between
a wing tip vortex and a passive device generated vortex. Particle image velocimetry
(PIV) measurements were conducted with a NACA 0012 wing at Re = 2.2  105 and
 = 7.5 degrees. For each measurement a hundred image pairs, which was described
as being a sucient number for the mean velocity eld to be derived, were acquired.
Several geometries of vortex generators were examined. A substantial redistribution of
the trailing wake system circulation was achieved by the merger of the tip vortex with
a co-rotating vortex. The merged core radius increased by a factor of up to ve times
relative to the baseline case. A penalty of the device was the reduction in lift when
using the co-rotating vortex generator, but no discussion nor quantitative assessment
was given on this reduction.
The concept of adopting triangular-apped wings was explored by Ortega et al. [68]. The
rolling moment and downwash from a baseline rectangular wing section was compared to
the values obtained when using the triangular-apped wing. Seventy spans downstream
of the trailing-edge of the wing, the maximum rolling moment and downwash was found
to be half that of the rectangular wing. The triangular section of the modied wing
created a counter-rotating vortex with respect to the tip vortex. Subsequently, the
interaction between the two vortices drastically diused the tip vortex. However, the
generation of a stronger counter-rotating vortex resulted in the generation of higher
induced downwash and structural problems on the wing may result from the outboard
loading.
Matalanis and Eaton [69] assessed the potential of using static segmented Gurney aps,
also known as miniature trailing-edge eectors (MiTE). Experimental tests were con-
ducted with a NACA 0012 wing at Re = 3.5  105 and  = 8.9 degrees. The wing was
equipped with thirteen MiTEs placed along the span of the wing, the conguration is
shown in Figure 2.3. The aim of the device was to alter the spanwise lift distribution,
while maintaining the same total lift. The authors concluded that the conguration used
was able to introduce spatial disturbances into a trailing wake system, while conserving
the total lift. The authors then went onto hypothesis that these disturbances could be
utilised to excite the natural vortex instabilities, although no results were presented in
support of this statement.Chapter 2 Literature Review 19
(a) MiTE installed on a NACA 0012 (b) Wing cross-section
Figure 2.3: Installation of MiTE in the experiment conducted by Matalanis and Eaton
[69]. Dimensions in Figure (b) are millimetres. Images modied from [69].
An alternative form of passive control, with a markedly dierent objective, is the use of
winglets. Winglets are installed on the wing tips as a means of reducing the downwash
caused by wing tip vortices [70]. There are several types of wing tip devices but the
overall aim is the same, the winglet moves much of the shed vorticity away from the
plane of the wing. The upward and outward displacement of the vortex, as a result of the
winglet, reduces the wing downwash. The device has been incorporated into airplanes
ranging from gliders to larger commercial transport aircraft [70]. Disadvantages of the
device include the added cost, weight, and complexity to the structure of the wing.
With the exception of winglets, the research relating to passive control of the vortex
ow eld discussed above all aimed at altering the characteristics of the vortex ow eld
downstream of the trailing-edge, as control was employed to reduce the trailing wake
hazards associated with the vortex ow eld. However, the aim of the research presented
herein was to alter the characteristics of the vortex ow eld as it evolved across the
surface of the wing. Achieving such an objective would have positive implications for ap
side-edge noise control. Nonetheless, the work of Heyes and Smith [66] demonstrated
that instabilities arise from a multiple vortex ow eld, which can lead to the diusion
of the primary vortex. Utilising the DBD actuator to generate vortices that would
diuse the tip vortex, particularly across the surface of the wing, may be an idea worth
exploring.Chapter 2 Literature Review 20
Active control
The eect of steady air blowing on a square wing tip ow eld was investigated us-
ing time-averaged PIV measurements of a NACA 0015 wing at a Reynolds number of
approximately 1  105 and an angle of attack of 10 degrees [18]. Spanwise and verti-
cal blowing jet congurations were tested. Instantaneous PIV measurements were also
analysed to remove the eect of any change in wandering amplitude, although the same
overall trends were observed between the instantaneous and time-averaged ow elds.
The interaction between the primary tip vortex ow eld and the co-rotating vortex gen-
erated by the jet was found to be an important interaction. The position and strength
of the jet vortex structure was a key parameter in determining whether a diused or
enhanced wake system structure would develop from this interaction. The results ob-
tained demonstrated that it was possible to aect the vortex structure utilising the air
blowing technique.
Several further studies have also highlighted the potential of continuous blowing jets to
aect the near eld wake system. For example, Duraisamy [25] investigated numerically
spanwise blowing on a round tip NACA 0012 wing. The author also reported a more
diused structure present when blowing was applied. Margaris and Gursul [17] examined
continuous blowing on both square and round tips. The downstream wake system was
found to be dependent on a number of parameters including the blowing coecient, the
blowing conguration, and the wing incidence. Margaris and Gursul reported that the
angle of attack of the wing not only aected the tip vortex ow eld, but it also aected
the jet generated vortices. Heyes and Smith [71] reported that continuous blowing from
an inclined slot into the suction side ow eld across a round tip of a wing resulted in
a larger vortex with lower peak tangential velocities. Therefore, the use of continuous
blowing jet has been shown to be a capable technique for the near eld control of the
vortex. However, the extra weight and the complexity added to the structure of the
wing are signicant disadvantages introduced when using the air blowing technique.
Margaris an Gursul [33] further developed their work by investigating the eect of a
blown synthetic jet on the near eld wing tip vortex. Several blowing congurations
were examined (Figure 2.4) and compared to their previous work using continuous jets
[18]. The introduction of the synthetic jet was found to have the positive eect of
reducing the maximum tangential velocity, the total circulation remained the same. ForChapter 2 Literature Review 21
the same blowing coecient, both continuous and synthetic jets had the benecial eect
of reducing the maximum tangential velocity. Better performance of the synthetic jet
was obtained upon increasing its blown coecient. The best result for the synthetic jet
was found with spanwise blowing near the suction surface, which was slot 4b in Figure
2.4.
Figure 2.4: Blowing congurations tested by Margaris an Gursul [33] for the control
of a symmetric wing tip vortex. Image modied from [33].
In addition to continuous blowing, Heyes and Smith [71] also tried to actively excite the
natural instability in the vortex. Using an inclined blowing slot along the round tip edge,
they tried to introduce spatial perturbations via pulsed blowing. Several blowing angles,
relative to the horizontal plane of the tip, were tested. The authors found that pulsed
blowing diused the vortex and resulted in the vortex shifting upward and outward. The
magnitude of the displacement depended on the blowing angle. An oscillator motion
of the vortex position was achievable, and the authors hypothesised that this could be
used to excite the natural instabilities of the vortex. However, it was noted that more
work was needed to further develop the idea. This included establishing the eect of
tip blowing on the wing performance, optimisation of the slot position and angle, and
testing on a high-aspect ratio wing. The authors speculated that a similar approach
could be applied to ap side-edge vortices.
Active control has shown to be an eective means of controlling the near eld tip vortex
ow eld. The use of blowing techniques was prevalent in the literature. A limited
number of studies have been conducted into tip vortex control with DBD actuators,Chapter 2 Literature Review 22
these studies have been included in the plasma actuator section (Section 2.3) of the
literature review. The following section examines the ap side-edge vortex ow eld.
2.1.2 Flap side-edge vortex
A ap is a hinged surface mounted at the trailing-edge of the wing. Deploying the device
eectively increases the camber of the wing, and raises the maximum lift. Qualitative
similarities between the wing tip and ap side-edge vortex systems have been found
when reviewing the literature. For example, studies on the square wing tip vortices
have shown the presence of a dual vortex system [30, 38, 55]. Similar observations of a
dual vortex system were made by researchers investigating the ap side-edge ow eld
[15, 72, 73]. The typical ow eld associated with the ap side-edge consists of multiple
vortex structures that eventually merge to form a single vortex (Figure 2.5).
Figure 2.5: Development of a dual vortex system at the ap side-edge computationally
obtained by Angland [74].
Studies have shown the ap side-edge is a signicant component of noise [11], however
little attention has been given to wing tip vortex noise. Indeed, tip vortex noise has
been described as being of less importance than trailing-edge noise [75]. If similar ow
structures exist between the two cases, the question is why is the ap side-edge a key
component of airframe noise more so than the tip vortex? Brooks et al [76] stated that
\as part of a wing and ap high-lift system, the ap is much more loaded aerodynamically
than it would be if isolated. Because of this, it has been found capable of producing
much more intense noise." Choudhari and Khorrami [73] listed the proposed sources of
ap side-edge noise as being free shear layers and their roll up, formation of multipleChapter 2 Literature Review 23
vortices, vortex merging, convection of turbulent boundary layers past a sharp edge, and
vortex breakdown.
Spaid [77] conducted an experiment at high Reynolds numbers (Re = 9  106) that
illustrated some of the crucial ow physics of the high-lift device system. Data acquired
included static pressure distributions, lift and drag measurements, and boundary layer
and wake surveys. The sensitivity of the performance of the ap to changes in parameters
of ap gap, or deection angle was shown. The author commented that Reynolds number
variations had a large impact on the performance of the high-lift device conguration.
Furthermore, variations when changing key performance parameters do not follow the
same trends when changing the Reynolds number. This was shown by Valarezo et al.
[78] and Lynch et al.[79]. Therefore, it is important to make the ow eld measurements
at Reynolds numbers representative of ight conditions.
2.1.2.1 Flap side-edge vortex control
Passive control
The modication of the ap side-edge has been one of the approaches explored to control
ap side-edge vortex noise, which includes adding either a porous-edge [15] or brushes
[80]. Angland [15] concluded that a porous-edge had two favourable eects on the
ap side-edge ow eld. Firstly, the device reduced the magnitude of vorticity in the
ow eld around the ap side-edge. Secondly, the porous-edge also allowed a nite
mass ux through it, which displaced the vortex further away from the solid surface.
The application of brushes has been shown to result in a source strength reduction
of approximately 5 dB [80]. However, adding brushes or porous-edges to the ap-side
edge would present a challenge in terms of maintenance, and so may not be practical
in the long-term. Furthermore, such materials have not yet been approved for aircraft
applications [11].
Dobrzynski et al. [81], on a full-scale A320 wing, added a fence to the ap side-edge.
The aim of the device was to increase the distance between the evolving side-edge vortex
system and the suction surface of the ap. A 1 dB reduction in source noise was obtained,
however no reduction was detected in the far eld. However, Ross et al. [82] conducted
ight tests on a general aviation aircraft with a side-edge fence installed on the pressureChapter 2 Literature Review 24
surface of the ap and reported a reduction of 3-4 dB. Installation of a ap side-edge
fence would add extra weight to the wing. Furthermore, the aerodynamic implications
of the device at cruise condition have yet to be investigated.
The use of a Continuous Mould-Line Link (CML) could prevent the ap side-edge from
becoming a source of noise. The technology uses a exible panel that deforms to provide
a continuous surface between two moveable parts, eectively removing the ap side-edge
vortex (Figure 2.6). Hutcheson et al. [83], from experimental tests, reported reductions
of between 5 to 17 dB when CML was installed. The complex structure and articulation
mechanisms that would be required to apply this to a real aircraft are a drawback.
Furthermore, there is an aerodynamic penalty as CML reduces the overall lift due to
the reduced wing loading on the main element near the ap side-edge.
Figure 2.6: An example of a continuous mould-line link to remove ap side-edge.
Image modied from [84].
Active control
The eect of the blown conguration on the ap side-edge vortex was investigated by
Hutcheson and Stead [85]. Air was blown from three slots located along the ap side
edge; top, bottom, and side surfaces. The experiment was performed at a Reynolds
number of 1.6106 based on the main chord of the airfoil. Particle image velocimetry
measurements were acquired. The authors concluded that air blown from the top surface
slot greatly weakened the merged vortex and displaced it away from the surface. Air
blown from the bottom slot moved the shear layer that wrapped around the ap side-edge
further away from the side surface. However, blowing from the bottom of the ap also
strengthened the shear layer. Side-edge blowing was found to result in a strengthened
side-edge vortex and accelerated its merging to the top surface. Hutcheson and SteadChapter 2 Literature Review 25
speculated that blowing air from the top surface would most likely reduce ap side-edge
noise.
Koop et al. [86] also investigated the eect of air blowing on the ap side-edge. Air
was blown from both the pressure and suction sides of a ap's surface. Blowing was
found to reduce the amplitude of surface uctuations and, therefore, decrease the level
of radiated sound. This was described as being achieved by changing the circumferential
velocity prole of the vortex and thus the dynamic interaction between the shear layer
and vortex instability. It also had the eect of displacing the vortex away from the solid
surface, reducing the sound pressure level. Far eld acoustics measurements showed
a noise reduction of 3 to 4 dB above 1.25 kHz. Blowing also increased noise at high
frequency due to the noise from the open jet orices, although this increase was less
signicant than the reduction obtained at lower frequencies. Nonetheless, Koop et al.
demonstrated that a reduction in ap side-edge noise via blowing was possible.
Past studies have shown that the ap side-edge noise can be attenuated with blown
devices. However, air blown devices that have been widely used in the literature require
a constant source of air supply and energy to keep the air pressurised. Plasma actuators
are an alternative to air blowing. To date, no studies regarding the eect of a plasma
actuator on ap side-edge noise have been published. The research herein aimed at
examining the potential of utilising a plasma actuator to control the ap side-edge ow
eld.
2.2 Slat
A slat is a thin, curved surface deployed at the front of the leading-edge of a main
element. On deployment, a gap exists between the slat and leading-edge of the main
element and is known as the slat cove. High speed uid ows through this cove and
re-energises the ow over the top surface of the main element. This modies the pres-
sure distribution across the top surface, which alleviates the adverse pressure gradient
that would normally exist. Flow separation is delayed, resulting in an increase in the
maximum stall angle and hence the maximum lift coecient [87]. However, at cruise
condition the slat system has little benet and increases drag. As a result, a necessity
exists to retract the slat when the aircraft is operating in the cruise 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This requirement imposes limitations on the slat geometry and has implications on the
aerodynamic performance [88].
When deployed, the slat extends from the leading-edge of the wing creating a cove
region (Figure 2.7). Two main ow features exist inside this cove region. The rst is
a high-speed ow carrying uid through the slat cove and gap. Flow separation occurs
at the slat cusp (the leading-edge of the slat), before moving through the gap, this ow
reattaches close to the trailing-edge. The second ow feature is a recirculation region that
contains slow moving ow. These two ow features develop because of the requirement
for the slat to retract, which forces the slat to have a concave inner surface and sharp
cusp. The high-speed ow through the slat cove and gap is benecial as it replaces the
upper boundary layer on the main element. However, the recirculation region contains
instabilities that are generated in the shear layer at the boundary of the recirculation
region. Removing this recirculation region would thus give a reduction in noise. The
shear layer that originates at the slat cusp is unstable and can breakdown into discrete
vortices. The majority of these vortices remain within the recirculating ow, leading
to a feedback mechanism increasing instabilities at the cusp. Some vortices propagate
past the trailing-edge of the slat where they can interact with the trailing-edge, which
creates unsteady ow in the gap [88, 89].
Dobrzynski and Pott-Pollenske [91] argued that, although the turbulence is generated
in the slat cove region, the dominant noise source is caused by the convection of the
turbulence through the slat gap. This convection of turbulence through the gap then
results in noise radiating from the trailing-edge of the slat. In general, the slat spectrum
contains high frequency tonal and broadband components [11{13, 92]:
1. Experiments and computations have shown that the source of broadband noise is
linked to the unsteadiness in the slat cove region [87, 93]. Wells [88] stated that
this instability can grow to a point where unsteady ow passes through the slat
gap, which generates the sound. However, others have suggested that the actual
noise source is located at the slat trailing-edge and that the source is due to the
convection of the turbulence past the trailing-edge [91].
2. Several studies have found tonal noise features in the slat spectrum [11, 23, 23, 88,
94, 95]. For example, tonal noise has been found to radiate from vicinity in theChapter 2 Literature Review 27
slat trailing-edge [95]. This is expected to be linked to laminar vortex shedding
from the upper lip of the trailing-edge, and the slat cusp.
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Figure 2.7: Potential mechanisms behind the generation of slat noise. Parts of this
image were modied from Choudari and Khorrami [90], and based on the results of
Chen [23].
Several possible sources of slat tonal noise in two-dimensional scale models have been
identied [11]. Firstly, low frequency tonal noise due to coherent laminar ow separation
at the leading-edge of the slat can be mentioned. Second is the high frequency tonal
noise thought to be due to Tollmien-Schlichting boundary layer instabilities at the slat
suction side. The last possibility is the tonal noise generated by a mechanism similar
to that observed in the production of cavity tones. Olson et al. [94] found the tonal
noise generation was strongly dependent on the state of the ow on the upper surface
of the slat. If the ow on the upper surface of the slat was laminar then tonal noise
features were present in the spectrum. However, if the ow was turbulent, no tones
were found. Wells [88] found that, for specication congurations, several tonal noise
features present in the slat spectrum. The application of a trip strip to the slat cusp
either removed or signicantly attenuated the tonal noise features.
The ow structure in the slat cove region is extremely complex, with its characteristics
depending on several variables. Jenkins et al. [89] carried out a comprehensive exper-
imental and computational study aimed at both characterising and understanding the
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were acquired across the slat cove and trailing-edge. Several cove and trailing-edge
states were found. The authors stated that two cove states existed. In the rst cove
state, at reattachment some vortices were entrained into the recirculation region where
they diused and some passed through the slat gap. In the second cove state, little
entrainment occurred and most of the vortices interacted with the trailing-edge as they
passed through the slat gap. For both cove states, vortices convected from the slat cusp
towards the slat lower surface. At the slat trailing-edge three states were found. In the
rst state, classic shedding of negative and positive sign vortices from the slat trailing-
edge was observed. No evidence was seen of vortices passing through the slat gap. The
second state exhibited vortex shedding and ejection of discrete vortices of positive sign
from the slat cove. Lastly, the third state showed shedding of negative sign vortices from
the slat trailing-edge and ejection of positive sign vorticity from the slat cove through
the slat gap. These states were inherently related to each other, but further study was
required in order to draw an accurate understanding.
Investigations into the impact of the Reynolds number found signicant changes in the
ow below Re = 5  105. The changes were found to become more signicant if the
Reynolds number was lowered further [78]. Wells [88] stated that the cove \region
changes from laminar to turbulent depending on the Reynolds number and angle of
attack." Lin and Dominik [96] stated that the performance of the slat gap was also
Reynolds number dependent. At lower Reynolds number, the authors reported that the
gap setting at which lift rapidly dropped reduced because thicker boundary layers led
to earlier conuence.
Fink and Schlinker [97] conducted acoustic wind tunnel tests using a two-dimensional
wing section. Far eld microphones were used to determine the component spectrum
levels. An acoustic mirror directional microphone was used to examine the noise source
distribution. Noise radiation from airframe components deployed together and from
individual components were taken and compared. They concluded that airframe noise
component interactions only had a small eect on the far eld acoustic spectrum (within
about 2 dB). However, some interactions between the high-lift devices were found to
signicantly redistribute the local noise source strengths by changing the ow velocities
and turbulence levels. This shows the importance of examining the capability of a control
device in order to favourably alter the characteristics of the high-lift device system with
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The angle of attack of the wing also has an impact on slat noise. For example, Andreou
et al. [98] carried out testing with a two-dimensional wing and slat model. Increasing
the angle of attack from 6 to 16 degrees resulted in a 2 to 3 dB reduction between 5
and 13 kHz. However, Dobrzynski [11] reported that angles of attack below 10 degrees
had little eect on slat noise, in the 1/3 Octave frequency range from 500 Hz to 10 kHz.
However, a signicant noise increase occurred in slat noise for  > 13 degrees. The
reason for the dierences between the two results may be partly explained by the two
diering models used. One utilised a scale model of an airfoil [98], whereas the other
a scale model of an aircraft [11]. As such, noise sources may have been present on the
aircraft scale model that were not present on the airfoil model. Indeed, it was reported
that the slat horn (join with fuselage) increased in importance as a noise source as 
increased [99]. Wells [88] found that slat broadband noise had a strong dependency
on the angle of attack. The loudest noise occurred at an angle of attack of 5 degrees
and reduced as  increased. Wells reported that decreasing the slat angle produced a
reduction in broadband noise.
2.2.1 Slat control
The following section details the techniques that have been developed to attenuate slat
noise. It should be noted that any technique developed for the attenuation of slat
noise must take into account the aerodynamic performance of the wing, especially the
maximum lift coecient. For example, if a slat attenuation device caused the maximum
lift coecient of the wing to decrease by 10%, the landing speed would have to increase
by approximately 5% [100]. Neglecting the other components, this 5% increase in landing
speed would lead to a 1.4 dB increase in slat noise. Thus any new ow control technique
developed must account for the aerodynamic implications on the performance of the
wing. As with the tip vortex and ap side-edge, control of slat noise with a DBD
actuator is excluded from the following discussion. For information on slat noise control
with a DBD actuator, refer to Section 2.3.Chapter 2 Literature Review 30
2.2.1.1 Passive control
Slat gap
The two main approaches to the slat gap have been to either seal it or, alternatively,
completely remove it. Sealing, or partly sealing, the slat gap would be a simple method
for reducing the noise, but such an approach would adversely aect the aerodynamic
performance of the wing [94, 98]. The use of a droop-nose device could remove the gap
on the inboard of the wing. However, the maximum lift coecient has been shown to
be reduced by about 5% compared to a slat [101].
Slat cove
One approach to reduce slat noise is a slat-cove-cover, which extends from the cusp
following the direction of the shear layer. A broadband noise reduction of the order of 2
dB has been achieved using this device [81]. However, diculty exists in manufacturing
the slat-cove-cover to retract and form a smooth join with the wing. One proposed
solution was to modify the direction of the cover so it follows the geometry of the main
wing. It was reported that when this method was combined with a boundary layer trip
a small advantage at low frequencies was seen. At higher frequencies, the boundary
trip cancelled out the positive eects of the slat-cove-cover. Furthermore, boundary
layer trips are detrimental to cruise drag if left uncovered during the cruise phase of an
aircraft's ight [88]. Khorrami and Lockard [102] demonstrated that a slat-cove-cover
was a means of reducing noise. Computational studies showed that the slat cove ow
dynamics were aected by the presence of the seal. The presence of the slat-cove-cover
was reported to eliminate most of the small-scale vortices generated at the cusp. The
amplitude of the radiated sound, and to a lesser extent the directivity beneath the wing,
was reduced. At low frequencies (<2 kHz) the slat-cove-cover gave a 2 to 4 dB reduction,
extending the cover provided an additional reduction of 2 to 3 dB. The cover was even
more eective at higher frequencies and on the tonal features.
The use of foam to ll the recirculation region of the slat cove is another method for
eliminating the sharp cusp. Tests carried out by Horne et al. [103] on a 26% scale
Boeing 777 showed that, in general, the ller reduced noise between 2 and 4 dB below
1 kHz. The spectral peak at 1.6 kHz reduced by 2 to 3 dB. Andreou et al. [98] found
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of noise were enhanced. Furthermore, it was found that lling the cove resulted in the
model stalling prematurely.
Acoustic liners in the slat gap have also been implemented. For example, a 1.6 dB
reduction with the liner only on the slat cove has been reported [92]. Further attenuation
of 4.1 dB was achieved by placing the liner along both the main element and slat cove.
Incorporating the acoustic linear into the slat design may be dicult, as would ensuring
the preservation of a smooth, sealed gap upon retracting the slat.
Slat trailing-edge
The application of brushes to the trailing-edge of the slat was explored by Herr and
Dobrzynski [104]. Experimental measurements indicated that a noise reduction of up to
2 to 14 dB within a wide frequency range was possible when using the device. However,
Wells [88] noted that the main limitation of the device was the necessity to have small
brushes to avoid a reduction in the mean ow through the slat gap.
The use of a porous material located along the trailing-edge was investigated by Khor-
rami and Choudhari [105] on a three-element wing. Application of this porous material
over a minute fraction of the slat trailing-edge was found to mitigate the noise impact
of the trailing-edge with no measurable impact on the aerodynamic performance. Two
noise reduction mechanisms were identied. The rst, and primary cause, was a reduced
strength of Strouhal shedding from the trailing-edge. A secondary eect of the porous
material involved an upward shifting in the Strouhal-shedding frequency to a frequency
less sensitive to humans.
2.2.1.2 Active control
An approach to active slat noise control has explored means of reducing separation at
the leading-edge of the main element, eradicating the need for the slat. For example,
unsteady suction or blowing at the leading-edge of the airfoil would be a means of
controlling separation [106]. Yarusevych et al. [107] found that vibrating a surface at
particular frequencies and at suitable amplitudes could reduce or suppress the separation
region of an airfoil, increasing the airfoils lift and/or decreasing the drag. The authors
noted that the eect of the excitation strongly depended on the excitation frequency and
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it may introduce its own noise source, and the practicality of applying such a device to
a full-scale aircraft could also be questioned.
The use of blowing applied to the slat cove was explored by Wells [88]. However, it
was reported that blowing had neither any signicant eect on the broadband sound
generated by the slat system nor on the aerodynamic forces. Rather than from the cove,
Chen [23] blew air from the trailing-edge of the slat. Signicant attenuation of slat noise,
along with an increase in the maximum lift coecient, was reported.
2.3 Plasma Actuators
Drawbacks in active mechanical techniques for ow control include the weight, complex-
ity, and maintenance issues [22], while passive control devices do not work well o design
condition. If the ACARE noise reduction target [9] is to be met, new and innovative
noise reduction technologies must be found. An alternative form of control is the use of
plasma actuators. Research in the eld of ow control with this device has been expand-
ing over the last decade [108]. Although problems such as a limited induced velocity
have been identied with the device, it is believed that plasma actuators oer several
distinct advantages that warrant research examining its ability to control the ow eld
of a high-lift device system. These advantages include the following: it is light-weight,
contains no moving parts, can be ush mounted to a surface, and that it has a fast
response time [108, 109]. In this section, rstly, a discussion on several types of plasma
actuators is presented. This is followed by an examination of the most popular of the
plasma actuators, the dielectric barrier discharge or DBD actuator. A discussion is given
on the key parameters that have been found to determine the performance of the DBD
actuator. Then, several applications of DBD actuators are reviewed in the literature.
Finally, studies that have applied the DBD actuator for either wing tip vortex, ap or
slat control are examined.
Figure 2.8 is a photograph showing a dielectric barrier discharge actuator in operation.
The air over the covered electrode has weakly ionised. This ionised air is commonly
referred to as plasma, which is why the device is referred to as a plasma actuator.
Indeed, Roth [110] dened plasma as the fourth state of matter in which atoms break
apart into electrons and positively charged ions. The ionised air, for example as shownChapter 2 Literature Review 33
in Figure 2.8, appears blue, which is due to the ionised components recombining and
de-exciting [108]. When plasma is coupled with an electric eld the ionised air results in
a body force vector. It is this body force vector that is the mechanism for active control
with plasma actuators [108]. The subsequent discussion details several types of plasma
actuators.
Figure 2.8: Example of a dielectric barrier discharge actuator in operation [23].
Corona discharge
Corona discharge is plasma that can be sustained at atmospheric pressure and is gener-
ated via strong electric elds on surfaces with small radii, such as a sharp trailing-edge
or a wire (Figure 2.9). A high potential of the order of several kilo-volts is applied to
the anode. Provided the electric eld strength is greater than the breakdown energy
of the neutral particles [111], positive ions and electrons are formed in the electric eld
that produces the corona. During this process both the anode and the cathode must
be in contact with the working uid, such that the anode can emit positive ions that
bombard the cathode surface. Several studies have shown the eectiveness of the device
as a means of controlling boundary layer separation [112, 113]. For example, Moreau et
al. [112] reported that a signicant drag reduction on a at plate was achieved for free-
stream velocities up to 25 ms 1. A maximum drag reduction of 30% was obtained at a
free-stream velocity of 10 ms 1. Typically ionic wind speeds of up to 5 ms 1 are possible
with this device [114]. The main drawback of the corona discharge is that it becomes
unstable under certain atmospheric conditions. For example, corona-to-arc transition
occurs when the relative air humidity exceeds a certain level [114].
Dielectric barrier discharge
The dielectric barrier or DBD [114] actuator is currently the most commonly used form
of plasma actuator [108, 115, 116]. In the DBD actuator, a dielectric material is placedChapter 2 Literature Review 34
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Figure 2.9: DC corona discharge actuator.
between two electrodes and resists direct current ow between them. A high positive
charge is applied to one surface and is referred to as the anode, while a negative or
ground potential is applied to the other surface and is referred to as the cathode. A
potential dierence between the surfaces generates an electric eld through the dielectric
medium (Figure 2.10). The eld lines start at the anode and nish at the cathode. The
eld strength and direction of the eld lines are inuenced by the geometry, location,
and potential dierence between the charged surfaces. Positively charged species in the
electric eld move along the eld lines towards the cathode with the neutral species.
The resulting motion of the neutral uid is referred to as ion wind [111]. Through
collisions between the charged particles and the neutral gas, the DBD acts as a jet
along the actuator surface. The main advantage of DBD is that non-equilibrium plasma
conditions in the atmospheric gas can be established in a reliable and economic way,
which has led to the DBD actuator being applied to many applications. A disadvantage
of the device is the relatively low induced velocity, typically ionic wind speeds of up to
8 ms 1 are possible [22]. Moreau et al. [114] argued that the plasma extension of DBD,
limited to about 2 cm, could prove a crucial drawback for large-scale applications.
Anode
AC
Plasma Dielectric
Cathode
Figure 2.10: Schematic of a typical dielectric barrier discharge actuator.Chapter 2 Literature Review 35
Sliding discharge
A relative new design for plasma actuator is the sliding discharge plasma actuator [108,
114]. This actuator consists of three electrodes, two exposed and one covered (Figure
2.11). The concept uses the AC DBD to weakly ionise the air at the two exposed
electrodes, a DC potential is then applied to establish a corona discharge that spans the
distance between the exposed electrodes. A sliding discharge in air has the advantage
of generating a wide plasma sheet, which could possibly address the issue of large-scale
application [114].
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Figure 2.11: Typical sliding discharge actuator.
2.3.1 DBD actuators
Corke et al. [108] commented that there has been a worldwide increase in the research
concerning dielectric barrier discharge actuators for ow control over the last decade.
The DBD actuator has its drawbacks, such as the weak induced velocity that has meant
the actuator has been limited to tests with relatively low speed (U1  30ms 1), low
Reynolds number ( 105) applications [22]. A limitation of some types of actuators is
the degradation of the dielectric material [118], although studies relating to this sub-
ject are rare. A typical actuator has been reported to last approximately one hour of
non-continuous run time [117]. Also, questions remain regarding the ability of the de-
vice to work in harsh environments [117]. Nevertheless, the DBD actuator oers several
advantages that have spurred research with the device. For example, the device is fully
electronic with no moving parts, has a fast response time for unsteady applications, is a
very low mass, can be applied to surfaces without the need for cavities or holes. Further-
more, the easy and relatively low cost of manufacturing combined with the robustness
of the device makes the DBD actuator a desirable technique for 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The typical parameters used for a DBD are as follows: a high voltage of a few kV to
several tens of kV with AC excitation; the frequency within the range of 50 Hz to 50 kHz;
and lastly the electric current ranging from a few A to a few mA. The performance
of the surface DBD actuator is also dependent on several parameters including the
electrode width (wa and wc), which is typically a few millimetres; electrode gap (g),
generally equal to zero or a few millimetres; dielectric thickness, typically between 0.1
mm to a few mm; and the nature of the dielectric, Teon, Kapton
R  polyimide, glass,
ceramics or Plexiglas are generally used [22].
Van Dyken et al. [119] experimentally investigated the net force produced by a single ac-
tuator. One of the conclusions made was that the waveform was of signicant importance
in determining the net force. The positive sawtooth waveform was found to produce the
greatest net force for a given input power. The optimum frequency was found to be 5
kHz. A thicker dielectric conguration was able to withstand higher currents, allowing
a higher maximum force to be generated. These ndings were in agreement with those
reported by Moreau [22]. Moreau [22] reported the maximum induced velocity to be
approximately 0.5 mm above the wall.
Several studies have looked at the optimisation of DBD actuators. For example, Post
[120] examined the characteristics of the actuator, the focus was primarily on the phys-
ical actuator conguration; input/output relations; steady versus unsteady actuation;
and determining the important time scales associated with the uid response to the
actuator. The author determined the relationship between the actuator voltage ampli-
tude input (V ) and maximum velocity output (u) as being u = 0.0018V 7=2. This result
was consistent with the results reported by Enloe et al. [121] who determined that the
dissipated power also followed V7=2, indicating a direct proportionality to the induced
velocity. The eect of the waveform input was also investigated. Square, triangle, and
sawtooth waveforms were tested and the results indicated that their impact on the maxi-
mum velocity output was minimal. This result was inconsistent with the results obtained
by Enloe et al. [121], who found that the positive slope sawtooth waveform generated
more thrust than the other waveforms. In order to examine the eect of operating fre-
quency and power, the driving frequency was varied from 2 to 10 kHz in increments of
1 kHz. A linear relationship between driving frequency and power was found, although
it was concluded that an optimal driving frequency for maximising velocity output and
minimising power consumption for steady plasma actuation must exist.Chapter 2 Literature Review 37
2.3.1.1 Flow control
DBD actuators have been tested for control applications such as leading-edge separation
control on airfoils [122, 123], trailing-edge separation control [124], and cavity tone
attenuation [20]. For example, Post and Corke [123] investigated leading-edge ow
separation over an airfoil at high angles of attack with a DBD actuator. A NACA
663-018 airfoil was tested because of its documented leading-edge stall characteristics.
A combination of surface pressure measurements, mean-velocity proles, and smoke
visualisation were used to determine the lift, drag, and separation characteristics of the
ow. Tests were conducted at relatively low Reynolds numbers of 7.7  104 and 3.3 
105. The DBD actuator led to reattachment for angles of attack up to 8 degrees beyond
the stall angle.
Jukes and Choi [125] investigated the capability of a DBD actuator vortex generator to
control ow separation. The authors placed the actuator at a yaw angle to the oncoming
ow such that a spanwise jet was produced. Through the interaction with the oncoming
boundary layer, a streamwise longitudinal vortex was generated. The actuator placed at
a yaw angle of 90 degrees relative to the free-stream produced the strongest streamwise
vortex. In further work, Jukes et al. [126] demonstrated that streamwise orientated
DBD actuators had a signicant eect on ow eld of a NACA 4418 airfoil. Rows of
symmetric and asymmetric actuators were located on the suction surface of the wing,
between 5 to 34% of the wing chord. The vortices generated by the actuators were
capable of reattaching the ow for angles of attack less than 18 degrees at a Reynolds
number of 3.5  104 and  = 16 degrees for Re = 9.5  104. At an angle of attack of
14 degrees, the implementation of the actuator led to the drag coecient reducing by
63% and the lift increasing by 67%.
DBD actuators have been shown to have the potential to attenuate ow generated noise,
although the positive eect of this reduction could be oset by the production of higher
frequency tones that the plasma actuator generates [127, 128]. Chan [127] found that
the actuator applied to a cavity led to the signicant attenuation of the dominant cavity
tone. However, tests were conducted at relatively low Reynolds numbers of between 3.6
to 7.1  104. Chan concluded that the actuator was generally more eective at reducing
cavity tones as the input voltage increased. However, the actuator's eectiveness at
eliminating the dominant Rossitor mode reduced as the mean 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Discrete tones in the higher frequency spectrum were present when the DBD actuator
was activated. The tones generated from the actuator are the result of wave propagation
due to the formation and collapse of the induced electric eld [127]. The frequency of
tone corresponded to the frequency produced by the plasma actuator system. The
amplitude of this tone was found to increase as the power input was increased, although
the rate of increase in sound pressure level reduced as the power input increased.
Tip vortex control
The rst known published work relating to tip vortex control with a DBD actuator was
that of Boesch et al. [19] who investigated the concept of using a DBD actuator to
modify the lift of a conventional aircraft wing for roll control at low angles of attack.
The actuator was placed around the round tip of a NACA 4418 wing. The orientation
of the actuator was such that the direction of induced velocity was opposite in sense to
the direction of the oncoming cross-stream ow (Figure 2.12). The Reynolds number
tested was moderate, 1.5105, and the angle of attack of the wing was set to zero degree.
Based on computational results, it was reported that the downstream vortex underwent
signicant diusion, which resulted in the downwash reducing and the lift increasing by
20%. This was based on projected actuator strengths and not on current technology,
which gave only a 3% increase in lift. The suction side actuator contributed most to
the lift increase with its induced jet blocking the ow around the wing tip at the origin
of the vortex. Outboard shifting of the vortex core was also observed, but only for the
higher actuation strength case.
Figure 2.12: Concept of lift enhancement with a DBD actuator proposed by Boesch
et al. [19]. Image modied from [19].Chapter 2 Literature Review 39
During the same body of research, Boesch et al. [19] also conducted simulations with
a NACA 0018 wing, at the same Reynolds number and angle of attack as before. The
eect of control on the ow eld was examined one chord length downstream of the
trailing-edge, only the suction and pressure side actuators were applied at an actuation
strength of 40mNm 1. It was found that the primary tip vortex ow eld present in
the baseline case had been replaced by a network of multiple vortical structures when
control was applied. However, no experimental measurements of the ow eld were made
to validate this computational observation. Furthermore, no examination was made on
the angle of attack or Reynolds number dependency of the performance of the actuator.
Nonetheless, the results presented by Boesch et al. [19] added support to the case that
a DBD actuator could aect the evolution of a tip vortex.
In an experiment conducted by Agibalova et al. [129], a DBD actuator was placed across
the tip of a square wing and its eect examined with PIV measurements. When the
direction of induced velocity was opposite to the direction of ow across the tip, caused
by the pressure dierence at the wing tip, a reduction in the maximum vorticity in the
vortex core at  = 5 and 10 degrees was reported. However, a maximum free-stream
velocity of 4 ms 1 was tested by Agibalova et al. [129]. For a given conguration, the
mean ow eld was obtained from only an image set of 70, which was below the 100
images that Heyes and Smith [66] found was needed for a mean ow eld to be derived.
Hasebe et al. [109] placed three actuators near the wing tip on the suction side of
a NACA 0012 square tip wing. The angle of attack was xed at 10 degrees. From
their numerical simulations conducted at a Reynolds number of 3.0  103, Hasebe et al.
concluded that the core circulation of the vortex reduced when control was implemented.
In the experimental portion of the work conducted at Re = 1.44  105, no conclusions
were reached regarding the suppression of the wing tip vortex. This was stated as being
due to \insucient strength of actuation and insucient length of measurement area".
The authors stated that the observed trends in both the velocity and circulation of the
experimental work were qualitatively in accordance with the computational results. The
work of Hasebe et al. highlights the disparity that can exist between the numerical and
experimental work. Experimental validation of the ow eld observation reported by
Boesch et al. [19] should therefore be obtained, the research conducted in this thesis
will, in part, achieve this.Chapter 2 Literature Review 40
Several studies have been conducted that have examined the capability of a DBD ac-
tuator to control the tip vortex ow eld, with varying degrees of success. A limiting
factor for DBD actuators is the relatively low induced velocity. This limitation may
explain why relatively low free-stream velocities were used in all of the tests that have
been conducted (a maximum of 4 ms 1 tested by Agibalova et al. [129] and a maximum
of 15 ms 1 tested by Boesch et al. [19]).
Control of high-lift devices
To date, no publications exist in the literature relating to DBD actuators for ap side-
edge ow control. However, Little et al. [117] experimentally investigated separation
control with a DBD actuator of a deected ap. A high-lift airfoil, two-element model at
a Reynolds number of 2.4  105 was tested. The DBD actuator was installed along the
leading-edge of the ap, with the induced ow in the streamwise direction. The baseline
conguration was dened as an angle of attack of zero degree and a ap deection angle
of 30 degrees. The authors reported that implementation of the device increased the lift
and reduced the recirculation region over the ap.
In the work conducted by Chen [23], an experimental investigation was undertaken
that examined the attenuation of slat noise with a DBD actuator. To isolate the slat
component of high-lift device noise, tests were conducted with a two-element model
comprised of a slat and main element. Near and far eld acoustic data were acquired in
an anechoic chamber at a free-stream velocity of 25 ms 1, corresponding to a Reynolds
number of 5.5  105 based on the main element chord. Several tonal noise features
with broadband components were apparent in the slat noise spectra at an angle of
attack of 4 degrees. The mechanism behind the generation of the dominant tone was
found to be related to the shedding of vorticity from the slat cusp, which subsequently
rolled up to form vortices through the Kelvin-Helmholtz instability. The tonal features
with broadband components were successfully suppressed using a DBD actuator located
along the leading-edge of the slat. A quasi-static feedback control system was also
developed wherein a controller was responsible for calculating the control inputs in
terms of feedback signals. The experimental results showed that the feedback control
method worked eectively to suppress the slat tonal noise with broadband components.
Chen stated that it was important to improve the control authority of the actuator in
order to have a greater eect on the broadband component of slat noise.Chapter 2 Literature Review 41
2.4 Summary
The literature pertaining to the control of the tip vortex and high-lift device system
demonstrated that several methods of controlling them, both active and passive, have
been developed. However, each method developed had disadvantages that have, in gen-
eral, prevented them from being widely adopted. If the ACARE noise reduction target
[9] is to be met new and innovative noise reduction technologies must be found. DBD
actuators do come with certain technological challenges that will need to be overcome,
but their application to the slat and ap could potentially produce signicant noise
reduction. Although problems such as a limited induced velocity have been identied
with the device, it is believed that the DBD actuator oers several distinct advantages
that warrant research examining its ability to control the ow eld of a high-lift device
system.
The ap component of the high-lift device system has been identied as being an impor-
tant source of high-lift device noise. A noise source associated with the ap side-edge,
a vortex ow eld, has been identied in the literature. The research conducted herein
examined the capability of a DBD actuator to control the ow eld of the ap side-edge,
with the aim of demonstrating the potential of the device to attenuate ap noise. To
date, no publications have been made that directly relate to this subject. As an initial
investigation, the research examined the control of a symmetric wing tip vortex with
a DBD actuator. Several studies have already examined the control of a tip vortex
ow eld with a DBD actuator with varying degrees of success. The research presented
herein examined an actuator conguration that has yet to see any publications made
in which ow eld has been visualised experimentally, although it should be noted that
visualisation of the ow eld have been made computationally. Unlike in previous stud-
ies, the dependency of the performance of the actuator on both Reynolds number and
angle of attack has been examined in the research presented herein.
With regards to the slat component of the high-lift device system, the noise is highly
complex and several potential mechanisms of noise generation have been discussed in
the literature. Previous tests on a two-element model (slat and main element) have
demonstrated that the attenuation of the slat component of high-lift device noise with a
DBD actuator was possible. The research presented herein aimed at further developing
the method of attenuating slat noise with a DBD actuator. The research conductedChapter 2 Literature Review 42
herein expanded on previous work by considering the wing in a landing conguration.
The novelty of this research was not only in the geometry being tested, but also in
the fact that the active open-loop control was optimised and a new approach for slat
feedback control has been developed.Chapter 3
Research Methodology
In order to further develop the knowledge base relating to the implementation of DBD
actuators for the control of the high-lift device system, three experiments were planned
and conducted. They are hereby referred to as the symmetric wing, ap side-edge, and
slat experiments. This chapter details the experimental methodology of the research and
is divided into six main sections. Firstly, an overview of the experimental strategy is
presented in Section 3.1. This is followed by a discussion of each of the three experimental
models that were designed and constructed during this research. Section 3.3 describes
the DBD actuator congurations employed. The test facilities are then described in
Section 3.4. An overview of the experimental techniques utilised and respective set-ups
used in each of the experiments are given in Section 3.5. Finally, Section 3.6 summarises
the test conditions for each of the experiments.
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3.1 Experimental Strategy
As far as the trailing-edge element of the high-lift device system is concerned, the lit-
erature review indicated that a potential noise source was the pressure perturbations
associated with the ap side-edge vortex. Towards the beginning of this research, a
hypothesis was made that a DBD actuator applied to the ap side-edge could be used
to either attenuate or displace the pressure perturbations associated with the vortex
ow eld and, as a consequence, the ap-side edge noise would be attenuated. The
investigation into this hypothesis started with the symmetric wing experiment, in which
a DBD actuator was applied to the tip of a single-element wing. It was considered that
the relatively simplied ow eld associated with a single-element wing, when compared
to that of the high-lift device system, would allow for the eect of the DBD actuator to
be more easily discerned. The aim of the symmetric wing experiment was to prove the
capability of the DBD actuator to control a vortex ow eld.
As for the symmetric wing experiment, preliminary experimental and computational
tests were conducted (refer to Appendix A for details) in order to aid in the decision
making process when dening parameters such as the tip geometry and actuator cong-
uration. Based on the actuator congurations eect on the aerodynamic performance
of the wing and downstream vortex core properties, one tip geometry and actuator con-
guration were selected to be studied experimentally in greater detail. Although this
described approach was not conclusive on inuential parameters, the approach was be-
lieved to be justied given the requirements and scope of this research. The subsequent
experimental work was segmented into two parts. Firstly, to understand the baseline tip
vortex ow eld and acoustic features, oil ow, particle image velocimetry, and far eld
microphone measurements were acquired. Then, using the aforementioned techniques,
the eect of the DBD actuator on the tip vortex ow eld and far eld acoustics was
examined.
The symmetric wing experiment demonstrated the ability of the DBD actuator con-
guration tested to weaken the tip vortex downstream of the trailing-edge. The next
logical step was to apply the device to the ap side-edge. Therefore, the application of
a similar DBD actuator conguration, minus the tip mounted actuator, to control the
ap side-edge ow eld was investigated. To understand both the baseline ow eld and
then the subsequent eect of the DBD actuator on the 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acquired in the vicinity of the ap side-edge. Specically, oil ow visualisation and PIV
measurements were obtained.
Finally, with the aim of developing a method for slat noise attenuation with a DBD
actuator, an acoustic experiment was performed on a two-dimensional three-element
model. Prior to conducting tests with the three-element model in the anechoic chamber,
preliminary tests were conducted with a two-element (deployed slat only) wing in the
hard-wall wind tunnel. Refer to Appendix B for details of this preliminary tests. For
the three-element model, tests were conducted using the same three-element prole used
in the ap side-edge experiment. However, the focus of the slat experiment was on slat
noise. For this purpose, a full-span ap replaced the semi-span ap used in the ap side-
edge experiment. To understand the baseline acoustic features of slat noise, on-surface
and far eld microphone measurements were acquired. To discern the impact of both
open-loop and closed-loop forms of control, the same measurements were then obtained
with both forms of control applied.
3.2 Wind Tunnel Models
3.2.1 Symmetric wing
A round tip NACA 0015 wing with a semi-span (s) of 0.31 m and chord (c) of 0.285 m,
giving an aspect ratio (AR) of 2.2, was used in the symmetric wing experiment. The
results of this experiment are discussed in Chapters 4 and 5. The wing was constructed
from two constituent parts, dened as the main element and tip extension (Figure 3.1).
The main element was manufactured from tooling block and spanned 0.27 m. The tip
extension, the geometry of which was created by rotating the suction side of the NACA
0015 prole by 180 degrees about the chord line, spanned 0.05 m and was manufactured
from ABSplus thermoplastic using a Dimension 1200es Series three-dimensional printer.
The tip extension was secured to the main element via two M4 bolts, located at x=c =
0:12 and 0.72. To accommodate the plasma actuator, recesses of 0.5 mm were placed
across the tip section. At an angle of attack of zero degree, the origin of the axis system
was at the trailing-edge of the wing in the x-z plane and at the wing tip in the y direction.Chapter 3 Research Methodology 46
Figure 3.1: Symmetric wing assembly.
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Figure 3.2: Symmetric wing installed in test facilities.
Experiments with the symmetric wing were conducted in two facilities, a 0.9 m  0.6
m wind tunnel and an anechoic chamber (Figure 3.2). The method used to install the
model was dependent on the facility used. For tests conducted in the hard wall tunnel,
the wing was cantilevered o a purposed built window that slotted into the side wall
of the tunnel. In the anechoic chamber, the wing was mounted on a 15 mm thick (tp)
endplate, which was secured to the bottom of the DARP rig. The dimensions of the
endplate were 480 mm in x direction and 350 mm in the z direction. The leading-edge of
the endplate was ush mounted to the nozzle exit. To avoid unwanted ow separation,
a curvature of 4tp was applied to the trailing-edge of the plate. Furthermore, to prevent
oscillation of the plate, a wooden support was secured to its free end. In both the 0.9 m 
0.6 m tunnel window and anechoic chamber endplate, pivots were inserted that allowed
for the angle of attack of the wing to be altered from 0 to 14 degrees in increments of 2
degrees.Chapter 3 Research Methodology 47
For the duration of tests, and following the work of Chow et al. [38] and Lee and
Pereria [53], trip strips were placed at 5% of the wing's chord from the leading-edge and
extended around the tip across both the suction and pressure sides. To ensure that the
tripping location was correct for the NACA 0015 section, oil ow measurements were
obtained in the hard wall wind tunnel with the ow tripped and under free-transition.
To examine the acoustic impact of tripping the ow, tests with and without the ow
tripped were also conducted in the anechoic chamber. As a consequence of the presence
of the plasma actuator, approximately 20 mm wide gaps were needed in the strips on
both the suction and pressure sides of the wing. Carborundum grit (60 grit, nominal
size approximately 0.3 mm) was packed closely together to form a 4 mm wide strip.
The design considerations for the wing were as follows:
 Airfoil section
The NACA 0015 prole was primarily selected for two reasons. Firstly, the thick-
ness of the wing, a maximum thickness of 0.043 m, was sucient for the installation
of the DBD actuator conguration. Secondly, several studies [27{29, 31, 50, 65] had
conducted tests with this airfoil section, which provided a database for validating
the baseline results.
 Tip extension
For manufacturing purposes, it was necessary to construct the round tip sepa-
rately from the main element and incorporate a method of securing the two parts
together. Although it was ultimately not used in this research project, this feature
also allowed the tip to be changed thus oering exibility for future research.
 Cost of manufacturing
This experiment was eectively a proof of concept. The primary aim was to demon-
strate the ability of the DBD actuator to control a vortex ow eld, warranting
the investment needed to construct a high-lift device model. As such, to ensure
that the costs of the model were reasonable, the relatively simple geometry of a
symmetric single-element wing along with materials such as tooling block were
used.Chapter 3 Research Methodology 48
 Reynolds number
The Reynolds number (Re) of commercial aircraft during the approach phase of
ight are typically of the order of 107, or above. To even achieve Re = 1  106 in
the symmetric wing experiment, a wing chord of 0.8 m would have been required.
Then, for the aspect ratio of this model to be comparable to values stated in the
literature, a semi-span of around 0.8 m would have also been required. Given the
constraints of the testing facilities available, such a model would not have been
feasible. For the symmetric wing experiment, a Reynolds number range of 0:38
to 4:7  105 was tested. Despite being far below the values for full-scale aircraft,
this Reynolds number range was comparable to values tested in other studies
[19, 27, 28, 31, 32, 34].
 Wind tunnel blockage and aspect ratio
When compared to ow eld in free-air, the constraint of the ow between the
model and the tunnel walls causes changes to the velocity eld. This articial
change to the velocity eld is experimental error. To mitigate the impact of the
changes to the ow eld, the blockage ratio needed to be minimised. In the worst
case, the wing was at an angle of attack of 14 degrees, the blockage ratio was
approximately 4% in the 0.9 m  0.6 m tunnel and 12% in the anechoic chamber.
This blockage was comparable to values stated in a previous study [31] and there-
fore was deemed acceptable. As the research was a comparative study between
control on and o conditions, corrections were not applied to the measurements
for blockage eects.
The aspect ratio of the wing when implementing tip vortex control can impact the
results obtained. For example, changes to the lift distribution across the tip would
be proportionally higher for a low aspect ratio wing than that of a high aspect
ratio one. Therefore, interpretation of the impact of the control on the overall lift
should be done so with care. During the design phase, the decision was made to
make the model as large as possible with the main constraint being the relative
blockage ratio and the size of nozzle used in the anechoic chamber.Chapter 3 Research Methodology 49
3.2.2 Three-element wing
A three-component model with a RA16SC1 section [130] was used in the ap side-edge
and slat experiments (Figures 3.3 and 3.4). The results of the ap side-edge experiment
are discussed in Chapters 4 and 5, the slat results are discussed in Chapter 6. The
geometry of the three-element model was consistent with the geometry of the model
used in Chen's research [23]. The three-element model consisted of a leading-edge slat,
main element, and trailing-edge ap. Component dimensions are shown in Table 3.1.
With the wing at an angle of attack of 0 degree, the origin of the axis system was at
the leading-edge of the main element in the x-z plane and at the ap side-edge in the
y direction. The reference chord length, based on the main element chord, was 0.336
m. The baseline conguration was with the ow tripped. This was achieved using
50 m Chartpak graphic tape, 2 mm wide, applied to the leading-edge of the main
element. Two strips were also applied across the suction and pressure sides of the ap
xf=cf = 0:05. The blockage ratio, in the worst case with the wing at an angle of attack
of 10 degrees, was approximately 8% in the 0.9 m  0.6 m tunnel.
gs Ohf gf
40 degrees 30 degrees
336 mm
Ohs
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x
Figure 3.3: Schematic of three-element wing.
The slat and semi-span ap were made from non-conducting glass-bre skins, as DBD
actuators were installed on these components. The main element and full-span ap were
made from carbon-bre skins. To prevent the oscillation of the semi-span ap, a support
was xed at 50% of the ap's semi-span to the main element. Attached to the model
were two Perspex endplates, with dimensions of 700 mm in the x direction, 550 mm in
the z direction, and 8 mm in the y direction. A llet radius of 4 mm was applied to all
the edges of the endplates. The top endplate was secured to a wooden window, purpose
built to t into the roof of the hard wall tunnel. Pivots in this wooden window allowedChapter 3 Research Methodology 50
Table 3.1: Three-element wing dimensions.
Geometric feature Value
Main element chord (cm) 0.336 m
Main element span (bm) 0.550 m
Slat chord (cs) 0.088 m
Slat span (bs) 0.550 m
Flap chord (cf) 0.101 m
Full-span ap (bf) 0.550 m
Semi-span ap (sf) 0.275 m
Slat deection angle (s) 30 degrees
Slat horizontal gap (Ohs) 0.035cm
Slat vertical gap (gs) 0.027cm
Flap deection angle (f) 40 degrees
Flap horizontal gap (Ohf) 0.013cm
Flap vertical gap (gf) 0.005cm
for the angle of attack to be altered from 0 to 16 degrees in increments of 2 degrees. A
slot in the window allowed for optical access for PIV measurements.
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Figure 3.4: Three-element wing installed in test facilities. Semi-span ap installed in
Figure (a), and full-span ap installed in Figure (b).
As with the symmetric wing, the three-element model was tested in both the hard wall
tunnel and anechoic chamber. A 50 mm dierence existed between the height of the
DARP rig nozzle (0.55 m) used in the anechoic chamber and the height of the hard wall
wind tunnel (0.6 m). The model was constructed such that its span matched that of
the DARP rig nozzle. Therefore, in order to compensate for the height dierence when
mounting the model in the hard wall tunnel, high-density foam supports with lleted
edges were placed underneath the bottom Perspex panel.Chapter 3 Research Methodology 51
For the slat experiment, in keeping with the experimental set-up used by Chen [23], the
baseline conguration was with the ow untripped. Except the change in the ap span,
now replaced by a full-span ap of 0.55 m, the model geometry was the same as that
shown in Table 3.1. Furthermore, tests were conducted at the same free-stream velocity
as tested by Chen, which was U1 = 25 ms 1. To examine the eect of tripping the ow,
measurements with a trip strip attached to the leading-edge of the slat were acquired.
3.3 DBD Actuator
Figure 3.5 shows the DBD actuator conguration employed in this research. The actu-
ator was constructed using a 0.5 mm thick (H) silicon rubber dielectric and 0.076 mm
thick copper tape electrodes. The widths of the exposed (Wa) and covered electrodes
(Wc) were 5 and 10 mm respectively. The gap between the two electrodes (Wg) was 0
mm. The working frequency of the plasma was xed at 12.5 kHz. This conguration
was selected primarily because it was found to generate the maximum induced velocity
[23]. To measure the induced velocity, a glass pitot tube was placed above the dielectric
and connected to a Furness control FCO332 dierential pressure transmitter that had
an accuracy of 0.5%. The probe was connected to the dierential pressure transmitter
by means of a plastic tube. Measurements were acquired with the glass probe placed 4
mm behind the exposed electrode, 0.5 mm above the dielectric. This location - 0.5 mm
above the dielectric and at the edge of the discharge - was considered to be the point at
which the maximum induced velocity would be measured [22]. The reference pressure
was obtained far upstream away from the DBD actuator. To regulate the size of the
body force several parameters can be altered, such as the DC voltage, driving frequency
or driving signal waveform. For the duration of tests, the DBD actuator was controlled
by a dSPACE (DS1104) system that regulated the duty cycle of the square waveform
via pulse width modulation (PWM).
3.3.1 Electric circuit
The electric circuit consisted of a wave generator, electric switch, transformer, DC power
supply,` and electrodes (Figure 3.6). The wave generator produced a square waveform
signal at the required frequency, which equated to the plasma driving frequency of 12.5Chapter 3 Research Methodology 52
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(b) Schematic of DBD actuator
Figure 3.5: DBD actuator conguration. Figure (b) is a cross-section through the
white dashed line in Figure (a).
kHz. A square waveform with a variable mark-space (duty cycle) was used in this
research. The switch both served as a DC-AC converter and provided sucient power
to the transformer. The step-up transformer, which had a transforming ratio of 500,
increased the voltage to the order of kilovolts, with the actual value dependent on the
output voltage of the DC power supply. Finally, the electrodes were then supplied with
an AC voltage that, when high enough, caused the air over the covered electrode to
ionise. The presence of the electric eld resulted in a body force vector eld that acted
on the ambient air, transferring momentum via collisions between the ions and neutral
gas.Chapter 3 Research Methodology 53
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Figure 3.6: Electric circuit of the DBD actuator.
3.3.2 Congurations
Symmetric wing
In the symmetric wing experiment, the actuator conguration tested consisted of pres-
sure side, suction side, and tip mounted actuators (Figure 3.7). The direction of the
induced velocity was opposite in sense to that of the cross-stream ow. Both the suction
side and pressure side actuators started 0.04c in from the leading-edge of the wing and
spanned 0.84c. The third actuator was placed across the centre of the tip, 0.17c from
the leading-edge of the wing, and had a length of 0.56c. The plasma actuation voltage
(E) was 10 kV at a default duty cycle of 40%. To investigate the impact of induced
velocity on the performance of the actuator, tests were also conducted at duty cycles of
10 and 25%.
Flap side-edge
From Figure 3.8 it can be seen that an actuator conguration similar to that used in
the symmetric wing experiment was applied to the ap. However, in order to suit the
ap side-edge geometry, some modications of the actuator conguration were needed.
For example, the thickness of the ap side-edge was relatively small when compared to
that of the symmetric wing, therefore the tip centred actuator could not be included.
Furthermore, as the chord of the ap was much lower than that of the symmetric wing,
the lengths of the pressure and suction side actuators were also modied to start at
5%cf and extend to 60%cf. Apart from these modications, the experimental set-up,
such as the electric circuit and modulation of the DBD actuators' strength, were the
same as that used in the symmetric wing experiment.Chapter 3 Research Methodology 54
Figure 3.7: Symmetric wing DBD actuator conguration. Red arrow indicates direc-
tion of induced velocity.
Figure 3.8: Flap side-edge DBD actuator conguration. Red arrow indicates direction
of induced velocity.
Slat
A DBD actuator was placed at the slat cusp of the three-element model. The direction
of induced velocity was opposite in sense to that of the free-stream ow (Figure 3.9).
The placement of the DBD actuator was based on preliminary results obtained with a
passive device, which is discussed in greater detail in Chapter 6.Chapter 3 Research Methodology 55
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Figure 3.9: Two-dimensional three-element model. DBD actuator located along slat
leading-edge. Red arrow in (b) indicates direction of induced velocity.
3.4 Test Facilities
Aerodynamic and acoustic measurements were conducted in the 0.9  0.6 m wind tunnel
and anechoic chamber. Flow visualisation measurements were acquired in the hard wall
0.9  0.6 m tunnel. Diculties may arise when acquiring acoustic measurements in
closed-section hard wall wind tunnels. This includes uctuating aerodynamic pressure
generated by the air ow over the microphones, high levels of background noise, and
the hard wall giving rise to image noise sources. To mitigate such issues and to allow
for acoustic measurements with the microphone situated outside of the ow, acoustics
measurements were obtained in the anechoic chamber when possible.
3.4.1 Hard wall wind tunnel
The 0.9  0.6 m wind tunnel (Figure 3.4(a)) is an open-loop circuit, with a 4.5 m long
closed cross section. Optical access is provided by perspex windows that run along
the sides and roof of the working section. The turbulence level was less than 0.2%
at the maximum velocity tested of 25 ms 1. The ow velocity of the tunnel was set
using a manual frequency controller, which varied the rotational speed of the fan. The
ow velocity was measured using a pitot tube, located 0.5 m behind the inlet of the
test section, connected to a Furness Control Model FC012 micromanometer that had a
range of 199  0.5%H2O.Chapter 3 Research Methodology 56
3.4.2 Anechoic chamber
The anechoic chamber measures 9.15  9.15  7.32 m without wedges, and free-eld
conditions exist at frequencies above 80 Hz (Figure 3.10). A DARP Open Jet Facility
with a nozzle height of 550 mm and width of 350 mm was installed in the chamber. The
maximum attainable wind speed of this open jet facility was 40 ms 1. The incoming
turbulence level was less than 0.2% inside the core of the jet [131]. The required ow
velocity was set using a similar technique to that discussed in Section 3.4.1.
Figure 3.10: DARP rig and far eld microphone arc installed in the anechoic chamber.
3.5 Measurement Techniques
3.5.1 Oil ow visualisation
A liquid suspension of titanium oxide and paran was used to conduct baseline ow
visualisation measurements of the symmetric wing and ap side-edge ow elds. To
allow the distinction of the ow features, black Fablon was applied to the surface of the
wing. After applying the liquid mixture, the wind tunnel was run at the desired test
speed until the solvent evaporated, leaving behind titanium dioxide streaklines. With
the model left in the tunnel, in order not to disturb the ow pattern, the streakline
pattern was then photographed. Due to the high AC voltage applied to the electrodes
when operating the DBD actuator and the titanium oxide needed when conducting oilChapter 3 Research Methodology 57
ow measurements it was deemed unsafe to conduct oil ow measurements with control
applied.
In the symmetric wing experiment, oil ow measurements were conducted from an angle
of attack of 0 to 14 degrees, in 2 degree increments, at a free-stream velocity of 10, 15
and 25 ms 1, which respectively corresponded to chord based Reynolds numbers of 1.9.
2.8 and 4:7  105. For the ap side-edge, measurements were acquired at a free-stream
velocity of 20 ms 1, corresponding to a Reynolds number of 4:4105, at angles of attack
of 4 and 10 degrees.
Uncertainty
Oil ow visualisation allowed insight into the baseline ow features, namely the ow
direction and points of separation. However, near the location of separation, it is known
that oil can pile up to form a steep ramp [132]. This steep ramp may then aect the
separation position, usually the concentration of oil leaves a line upstream of the actual
separation line [132]. In practice this means that the resulting pattern is dependent on
how much oil was applied. Interpretation of the results should thus been done with care.
3.5.2 Particle image velocimetry
Symmetric wing
Particle image velocimetry (PIV) is a non-intrusive technique allowing the acquisition
of instantaneous velocity vector elds in a uid, and it was used extensively in Chapters
4 and 5. From the literature review presented in Chapter 2.1.1, it was found that
PIV was commonly used to examine the properties of a tip vortex ow eld [17, 33,
35, 65]. To capture the velocity vector elds, the uid is seeded with tracer particles
that are illuminated by a pulsed light sheet across an in-focus plane. The position and
displacement of the illuminated particles are then captured twice, with a time interval
t, by a Charge-Coupled Device (CCD). Several assumptions are made regarding the
interactions between the tracer particles and uid. Firstly, it is assumed the tracer
particles do not inuence or modify the motion of the uid. Secondly, that the particles
do not interact with each other. Finally, that the particles follow the exact motion of the
uid [133]. Following on from these assumptions, the average displacement of a group ofChapter 3 Research Methodology 58
particles within an interrogation window can be determined using a statistical analysis
technique, cross-correlation.
With regards to the planar PIV system used in this research, the laser was a Twins BSL
200 laser by Quantel that was capable of running at 15 Hz double-pulse repetition rate,
emitting 200 mJ pulses at a wavelength of 532 nm. Data was sampled at a frequency
of 7.6 Hz. The smoke generator was placed near the tunnel exit and uid seeded with
smoke particles typically in the range of 1 to 5 m. Placing the smoke generator aft
of the test section ensured sucient diusion of the smoke allowing homogeneity in the
seeding levels. The images were recorded using a Sigma 105 mm F2.8 EX DG Macro
lens and a Charge-Coupled Device (Make: Camera 630059 Powerview 4M Plus), which
provided a eld of view of 2048  2048 pixels. In order to obtain the required eld
of view, an APO TELE Converter 2 DG was attached to the Sigma lens in several
tests. The camera was suspended o a metal rod that in turn was attached to a two-
dimensional traverse. A slotted gap, sealed air-tight by a rubber strip, permitted the
movement of the traverse in both the z and y directions. The traverse was controlled
by a computer that drove stepper motors. Movement of the traverse in the streamwise
direction was achieved by manual varying the position of the slotted ceiling panel.
The near eld formation and evolution of a tip vortex was examined across 7 y-z planes
located between x=c = - 0.75 and 2 (Figure 3.11(a)). The experimental set-up is shown in
Figure 3.12. Measurements were also acquired at one x-z plane across the trailing-edge
of the wing, the location of which is shown in Figure 3.11(b). Across both the y-z and
x-z planes, data was obtained at angles of attack of 2, 6, and 14 degrees at free-stream
velocities of 10 and 15 ms 1. These free-stream velocities corresponded to chord based
Reynolds numbers of 1:9 and 2:8  105 respectively. In the x-z plane, measurements
were also acquired at U1 = 25 ms 1, corresponding to Re = 4:7  105. Measurements
at x=c = 0.5 in the y-z plane were also acquired at angles of attack ranging from 2 to
14 degrees. Lastly, with the aim of visualising the cross-stream ow features generated
by the DBD actuator conguration, at x=c = -0.2 and  = 6 degrees in the y-z plane,
data was also acquired at 2 ms 1, corresponding to Re = 0:38  105.
For measurements acquired in the y-z plane, an APO TELE Converter was attached to
the Sigma 105mm F2.8 EX DG Macro lens. The size of the frame was approximately 84
 84 mm, which corresponded to being within 26% of the tip vortex size. A recursiveChapter 3 Research Methodology 59
(a) y-z planes
(b) x-z plane
Figure 3.11: PIV plane locations for symmetric wing experiment.
(a) y-z plane (b) x-z plane
Figure 3.12: PIV set-up for symmetric wing experiment.
Nyquist grid method, from 64  64 to 32  32 pixel spot dimensions, with a 50% overlap
was used to process the data. A vector map of 127  127 gave a physical resolution of
approximately 0.66  0.66 mm. Non-dimensionalised with respect to the wing chord,
this corresponded to a resolution of 2.3  10 3 in each direction. For measurements
obtained in the x-z plane, the APO TELE Converter was removed and in order to
capture the trailing-edge ow eld a larger frame size of 135  135 mm was used, which
gave a physical resolution of 1.1  1.1 mm.
An example of the time averaged velocity vector eld downstream of the wing, obtained
in the y-z plane, is presented in Figure 3.13. From this gure, it can be seen that
the overall structure of the rolled up vortex has been well captured. To gauge theChapter 3 Research Methodology 60
overall unsteadiness in the ow, the value of the root mean square (RMS) velocity
component was summed over two dimensions using Equation 3.1 [134]. Following the
same approach as to that widely adopted in the literature [17, 17, 33, 35, 65], the presence
of a vortex in the ow eld was identied by examining the vorticity levels, which was
non-dimensionalised using Equation 3.2. The location of the vortex centre (yc;zc) was
dened as the location of maximum (absolute) vorticity [32, 49]. The core radius (rc) was
determined by the location of the maximum tangential velocity (Figure 3.14) [34, 135].
The maximum tangential velocity was computed from the average velocity across the
same circular paths used to calculate the circulation.
u
0
t =
q
v2
RMS + w2
RMS (3.1)
where u
0
t is dened as the velocity standard denition, and vRMS and wRMS are the
uctuating components of velocity in the respective y and z axis.

x =
!xc
U1
(3.2)
where 
x is the non-dimensionalised axial vorticity, !x the dimensional axial vorticity,
c the wing chord, and U1 the free-stream velocity.
Figure 3.13: Example of mean velocity vector eld obtained without control.  =
6 degrees, x=c = 0.5, Re = 1:9  105. 1 in 4 vectors shown. Black line marks wing
trailing-edge.
Using Equation 3.3, the circulation was calculated about a closed circular contour from
both surface and line integrals [28, 54, 135]. When calculating the circulation, the
radius of the closed contour increased in increments of 0.01c until a maximum radiusChapter 3 Research Methodology 61
(rmax) of 25 mm [34]. The circulation calculated at rmax was dened as the maximum
non-dimensionalised circulation ( 
max =  =(U1c)). Unlike the surface integral, the
maximum circulation calculated from the line integral depended only on the values across
the outer region of the closed contour [54]. Core seeding would not have aected the
maximum circulation calculated from the line integral. Therefore, when calculating the
error between the two methods, the line integral was taken as the reference value. The
typical error in the non-dimensionalised maximum circulation calculated at r=c = 0:088
was less than 1.5%. The fact that little variation was observed between the two methods
shows the reliability of the techniques. Although there was little dierence between the
maximum levels, the value calculated from the line integral was used for the remainder
of the discussion for aforementioned reasons. The focus of the analysis of the PIV
data in Chapters 4 and 5 was based on the time averaged data where the 500 image
pairs were rstly averaged to obtain the mean ow eld. Subsequently, the vortex core
properties were calculated. Although the ow features are not time resolved, one of the
advantages of using PIV is that the instantaneous vortex ow eld over several images
can be individually analysed. For the instantaneous analysis of the data, interpolation
was used to ensure that a complete velocity vector eld was present.
  =
ZZ
S
!xdS =
I
vrd (3.3)
where ! was the vorticity, v the tangential velocity, and r the radial distance measured
from the centre of a closed circular contour.
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Figure 3.14: Denition of non-dimensionalised vortex radius (rc/c).Chapter 3 Research Methodology 62
Uncertainty
The uncertainty of the instantaneous velocity eld was estimated using the following
relationship [136]:
u =
Sfpc
t
(3.4)
where u is the uncertainty in the variable, Sf the scale factor,  the CCD resolution,
pc the correlation peak, and t the time between laser pulses.
The scale factor was 15.2 for measurements in the x-z plane and 24.4 in the y-z plane.
The CCD resolution was determined by the hardware and equalled 6.7 m [115]. The
time between the laser pulses (t) was dependent on the ow velocity being tested and
ranged from 30 to 60 s. The uncertainty of the instantaneous velocity elds can be
estimated by assuming an accuracy in the correlation of 0.1 pixel displacement [137].
The maximum error in the instantaneous velocity was then estimated to be 0.3 ms 1 in
the x-z plane and 0.5 ms 1 in the y-z plane.
The percentage repeatability of the mean vortex properties were calculated using Equa-
tion 3.5 [138] from a mean (averaged of 500 images) sample size of ve for the case of
 = 6 degrees and U1 = 10 ms 1. Three of the samples were obtained sequentially.
For the other two samples, the experimental parameters were reinitialised and the data
sampled. Table 3.2 lists the repeatability of the measurements.
Repeatability =
u
x
(3.5)
where u was the standard deviation of the variable, and x equalled the mean value of
the respective variable.
An estimate of the standard error [139] in the mean properties of the vortex was calcu-
lated using Equation 3.6. The standard deviation of the variable was calculated from
500 instantaneous values of the respective variable.
u =
u p
N
(3.6)
where N equalled the sample size.Chapter 3 Research Methodology 63
Consequently, as shown in Equation 3.7, the sampling uncertainty (Ss) was calculated
by multiplying the standard error by a coverage factor (cs). Most commonly a coverage
factor of 2 is used, which provides a level of 95% condence [139]. Coverage factors
of 1, 2.58 and 3 respectively give levels of 68, 99 and 99.7%. Table 3.2 lists the 95%
percentage condence uncertainty in the mean tip vortex variables.
Ss = ucs (3.7)
where Ss was the sampling uncertainty.
From PIV measurements in the y-z plane, the boundary layer thickness was calculated.
The uncertainty when measuring the boundary layer thickness was estimated from Equa-
tion 3.8. The accuracy when measuring the boundary layer thickness was assumed to be
dependent on the physical resolution of the PIV set-up, which was 1.1  1.1 mm. Taking
the half-limit (a) to equal 0.55 mm, the uncertainty in the boundary layer thickness was
then estimated to be 0.32 mm. The sampling uncertainty, with a 95% condence limit,
in the boundary layer thickness was 0.83 mm.
u =
a
p
3
(3.8)
where a is the half-width between the upper and lower limits.
In Chapter 4 for several variables, such as vortex size, a ratio of the value without and
the value with control has been quoted. Following the rule for multiplication or division
when calculating uncertainties [139], the relative uncertainty in the ratio was estimated
using Equation 3.9. The relative standard uncertainties of several ratio quantities is
given in Table 3.3.
u = cs
v u
u t
Ns X
i=1
i (3.9)
where i is the standard error in variable i.Chapter 3 Research Methodology 64
Table 3.2: Uncertainty and repeatability in mean vortex properties. Where (yc=c,
zc=c) equalled the non-dimensionalised vortex centre co-ordinates, rc=c the non-
dimensionalised size of the vortex,  
max the maximum non-dimensionalised circulation,
and v
;max the maximum non-dimensionalised tangential velocity.
Variable Repeatability (%) Ss (%)
yc=c 0.9 1.5
zc=c 9.1 2.9
rc=c 7.6 3.8
 
max 4.1 0.6
v
;max 3.7 1.4
Table 3.3: Standard uncertainty in several ratios of vortex properties. Subscript cl
denotes value calculated with control, subscript bl denotes value calculated without
control.
Variable Ss (%)
rc;cl=rc;bl 5.3
 
max;cl= 
max;bl 0.9
v
max;cl=v
max;bl 1.9
Flap side-edge
The unsteady ow eld present at the ap side-edge without and with control was
measured across 5 y-z planes between xf=cf = 0.25 and 4 (Figure 3.15). Measurements
were acquired at angles of attack of 4 and 10 degrees at free-stream velocities of 10, 15,
and 20 ms 1. This corresponded to Reynolds numbers (Re) based on the main element
chord of 2:2, 3.3, and 4:4  105 respectively.
For measurements acquired across the ap side-edge surface, the laser was placed on
the roof of the tunnel and a TSI mirror (part number: 610066) deected the laser beam
down towards the test section. The Sigma 105mm F2.8 EX DG Macro lens was used to
obtain a window size of 147  147 mm. The vector map of 127  127 generated gave a
physical resolution of approximately 1.2  1.2 mm. Non-dimensionalised with respect
to the ap chord, this corresponded to a resolution of 1.2  10 2 in each direction. To
improve the resolution when capturing the ap side-edge vortex ow eld when acquiring
data downstream of the ap (x=cf = 3 and 4), the APO TELE Converter was attached
to the Sigma lens. This gave a frame size of 85  85 mm and a physical resolution of
approximately 0.67  0.67 mm. Non-dimensionalised with respect to the ap chord,
this corresponded to a resolution of 6.7  10 3 in each direction.Chapter 3 Research Methodology 65
Figure 3.15: Location of PIV planes in ap side-edge experiment.
Uncertainty
In the ap side-edge experiment, the scale factor was 14.4 for 0.25  xf=cf  0.7 and
24.2 for 3  xf=cf  4. The time between the laser pulses (t) was dependent on the
ow velocity being tested and ranged from 40 to 80 s. The maximum error in the
instantaneous velocity was then estimated to be 0.2 ms 1 for 0.25  xf=cf  0.7 and
0.4 ms 1 for 3  xf=cf  4.
3.5.3 Far eld acoustics
Symmetric wing
For the tests conducted in the anechoic chamber, Behringer ECM8000 omnidirectional
electret microphones were used to obtain far eld acoustics of the symmetric wing. The
ECM8000 microphones had a response range of 15 Hz to 20 kHz and were powered
by a 8-channel FS preamplier, manufactured by PreSonus. Five microphones were
suspended from a steel frame arc and two others were on microphone stands (Figure
3.16). The arc was placed in the y-z plane and the microphones mounted on metal
tubes. The microphones were placed in the same y-z plane as the trailing-edge of the
wing. The angular position () of the microphones ranged from -90 to 90 degrees in the
y-z plane, these are summarised in Table 3.4. The data was sampled at a frequency of 48
kHz with a block size of 8192 and averaged over 120 blocks, giving a frequency resolution
of 5.9 Hz. A wide range of test congurations were conducted, including several angles
of attack and free-stream velocities. The angle of attack range was from 0 to 14 degrees
in increments of 2 degrees. For each angle of attack, measurements were acquired across
a free-stream velocity range from 10 to 40 ms 1.Chapter 3 Research Methodology 66
Figure 3.16: Placement of the microphone arc in the symmetric wing experiment.
View looking upstream.
Table 3.4: Position of far eld microphones in symmetric wing experiment.
Microphone number Angle  (degrees) Radius (m)
1 90 3.24
2 65 2.33
3 38 2.28
4 5 2.06
5 -25 2.02
6 -54 1.89
7 -90 1.8
A National Instruments' PXI-4472 24 bit data acquisition card, controlled by a PC with
LabView software, performed the analog to digital conversion of the raw data signals.
The microphones were calibrated using a comparison calibration technique, with a white
noise generator and a Bruel & Kjaer (B&K) 4179 low noise microphone, from which a
frequency response curve was obtained. From the calibration values, the raw data in
volts was converted to instantaneous sound pressure. The eective sound pressure was
calculated using Equation 3.10.
p2
rms(f) =
2jFFT(p(t))j
2
n2 (3.10)
where p(t) was the pressure signal measured, n the number of samples per block, and
FFT the Fast Fourier Transform. The sound pressure level (SPL) was then calculated
using Equation 3.11.Chapter 3 Research Methodology 67
SPL(f) = 10log10
p2
rms(f)
p2
ref
(3.11)
where pref was the reference pressure of 2  10 5 Pa.
Finally, the overall sound pressure level (OASPL) was calculated from Equation 3.12.
OASPL = 10log10
P
i p2
rmsi
p2
ref
(3.12)
where the subscript i denotes the summation over the frequencies.
Uncertainty
The microphone levels were compared between congurations, therefore the xed error
was constant. In the frequency range of interest, the long term repeatability in OASPL
was less than 0:3 dB for the far eld measurements. As the sound source was located
within the core of the open jet and the far eld microphones outside in the quiescent
ow, the presence of the shear layer can result in the refraction of the sound waves.
Subsequently the propagation direction and amplitude of the sound waves can be aected
and corrections may need to be applied. According to Schlinker and Amiet [140], if the
Mach number is less than 0.1, the far eld measurements obtained outside of the jet
can be used to directly infer the source noise characteristics without the need for shear
layer correction. Furthermore, with respect to the x-axis, the microphones were placed
90 degrees with respect to the shear-layer. Therefore, the convective amplication and
shear layer correction would have been negligible. Based on this, in the symmetric wing
experiment no shear layer correction was applied to the data.
Slat experiment
An ECM8000 microphone was placed 1.8 m away from the leading-edge of the main
element at an angle of 10 degrees (Figure 3.17). The data was sampled at a frequency
(fsample) of 20 kHz, with a block size of 4096, and averaged over 120 blocks. This gave
a frequency resolution of f = 4.8 Hz. This experimental set-up was in keeping with
that used by Chen [23].Chapter 3 Research Methodology 68
Uncertainty
As the experimental set-up was similar, the uncertainties of the results are same as those
discussed previously. In the frequency range of interest, the long term repeatability in
OASPL was less than 0:7 dB. For a xed set of parameters in closed-loop control, the
repeatability of the mean duty cycle lied within 0:2%.
3.5.4 Near eld acoustics
Near eld measurements of the slat system were acquired with a Bruel & Kjaer 4948 mi-
crophone, mounted inside the slat cavity at the mid-span point, in the anechoic chamber
(Figure 3.17). The microphone had a sensitivity of 1.4 mV/Pa, a frequency range from 5
Hz to 20 kHz, and a dynamic range of 55 to 160 dB. The signal from the microphone was
acquired using the dSPACE system and amplied using an amplier with an adjustable
gain. Data was sampled using the same parameters as those dened in the far eld
microphone measurements; fsample = 20 kHz, a block size of 4096 and 120 blocks. In
the open-loop control tests, the DBD actuator was found to attenuate the noise over a
certain frequency range. Once this range had been established, a band-pass lter (Barr
and Stroud EF3) restricted the data obtained from the near eld microphone to within
this frequency range.
Sponge cover
Near eld microphone
DBD actuator
U1 10 degrees
Far eld microphone
Figure 3.17: Location of near and far eld microphones in the slat experiment.Chapter 3 Research Methodology 69
Uncertainty
Issues may arise when acquiring on-surface microphones measurements, wherein the
acoustic pressure uctuations cannot be distinguished from that of the aerodynamic
pressure uctuations. The aerodynamic pressure is associated with boundary layer tur-
bulence. In general, the aerodynamic uctuations are higher than that of the acoustic
and can therefore lead to experimental error. Steps were taken mitigate this error, in-
cluding recessing the microphone and shielding it with a sponge layer. In the frequency
range of interest, the long term repeatability in OASPL was less than 0:8 dB for the
near eld measurements.
3.6 Summary of Test Conditions
A summary of the tests performed are shown in Table 3.5. Firstly, a NACA 0015
symmetric wing was tested at Reynolds numbers of between 0:38 and 4:7  105. The
angle of attack range was between 0 and 14 degrees. The ap side-edge experiment
consisted of a Reynolds number range of 0:4 to 4:4  105 at two angles of attack (4
degrees and 10 degrees). Lastly, the slat experiment was conducted at a Reynolds
number of 5:5  105 mainly at an angle of attack of 2 degrees.Chapter 3 Research Methodology 70
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4Chapter 4
Baseline Tip Vortex Flow Fields
This chapter is divided into two main sections that describe the respective baseline ow
elds obtained in the symmetric wing and ap side-edge experiments. These experiments
were performed with no active control applied. In the rst section of this chapter, the
aerodynamic ow eld and acoustic properties of the symmetric wing are investigated.
Following this, the second section presents and discusses the aerodynamic ow eld of
the ap side-edge. The results obtained in this chapter provided a baseline for comparing
the results in Chapter 5 with active control applied to both the symmetric wing and ap
side-edge. Parts of this work have been presented as a conference paper [2]. A journal
paper is currently under preparation [5].
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4.1 Symmetric Wing
4.1.1 Surface ow visualisation
When conducting experiments at low Reynolds numbers, uncertainty can arise as to what
trends are due to boundary layer transition and Reynolds number eects, and what are
due to altering other parameters (angle of attack, chordwise position). For example,
in relation to small scale experiments investigating tip vortices, turbulent boundary
layers separate further downstream and initially create higher levels of turbulence in the
tip vortex than that of laminar boundary layers [141]. As a consequence, the roll up
behaviour of the tip vortex is strongly dependent on the condition of the wing boundary
layer. The critical chord length based Reynolds number range for an airfoil has been
stated as being between 5  104 to 4  106 [142]. During the symmetric wing research
conducted in this chapter, the Reynolds numbers range tested was between 0.38 to 4:7
105. In this Reynolds number range, the presence of a laminar separation bubble on the
surface of the wing may be expected [142]. As discussed in Section 3.5.1, to investigate
the condition of the wing boundary layer, oil ow visualisation was conducted at several
angles of attack, from 0 to 14 degrees, in the 0.9  0.6 m tunnel.
Oil ow of the untripped case is shown in Figure 4.1(a); the ow at the leading-edge of
the wing was initially laminar, then transitioned and, nally, was turbulent. This result
matched the general state for the ow over an untripped wing described by Carmichael
[142]. An example of the tripped ow across the suction surface of the wing at  = 6
degrees is shown in Figure 4.1(b). The gure shows that the application of the tripping
device xed the location of transition. This result occurred across the entire angle of
attack range tested, from 0 to 14 degrees, with the tripping device attached.
At an angle of attack of 2 degrees, towards the trailing-edge of the wing, streaklines
could be seen to wrap around the tip from the pressure to the suction side. Further
downstream, ow separation occurred as a consequence of the adverse pressure gradient
that existed on the suction side. Increasing the angle of attack resulted in the separation
line shifting upstream. For a round tip conguration, such as the one used in this
research, the location of separation relates to the magnitude of the adverse pressure
gradient along the tip surface [25]. It is known that as the angle of attack increases,
the pressure dierence between the suction and pressure side increases until stall. ThisChapter 4 Baseline Vortex Flow Field 73
was indicated by pressure tap measurements obtained by Greenblatt [65] for a square
tip case. From a control point of view, the question posed was: what impact does this
changing vortex ow eld with  have on the inuence of the DBD actuator to control
the tip vortex formation? In order to investigate this, measurements with control were
acquired at several angles of attack, the results of which are discussed in Chapter 5.
Laminar Turbulent
Transition
(a) Untripped case
Turbulent
(b) Tripped case
Figure 4.1: Pictures of oil ow measurements across suction side of symmetric wing.
Re = 4.7  105,  = 6 degrees. Flow from left to right.
To further examine the eect of the trip strip on the state of the boundary layer, PIV
measurements were acquired at the mid-span location of the wing. Figure 4.2 shows the
non-dimensionalised axial velocity (u=U1) component at the wing trailing-edge for both
tripped and untripped congurations. The boundary layer thickness was dened as the
location where the velocity equalled 99% of the free-stream at x=c = -0.2. The wake
thickness downstream of the wing at x=c = 0.02 was also examined. For the congu-
rations tested, the velocity proles in the wake of the wing indicated that tripping the
ow resulted in an increase in the size of the wing wake. Table 4.1 shows the estimated
boundary layer thicknesses on the suction side of the wing at the trailing-edge. At an an-
gle of attack of 0 degree, as the Reynolds number increased the boundary layer thickness
reduced for both the tripped and untripped cases. This was associated with an increaseChapter 4 Baseline Vortex Flow Field 74
in the ratio of inertial to viscous forces. As expected, increasing the angle of attack
resulted in the boundary layer thickness increasing, due to the associated larger adverse
pressure gradient. The uncertainty of the boundary layer thickness measurements was
Ss = 0.83 mm. For both angles of attack,  = 0 and 2 degrees, the tripped boundary
layers were thicker than their untripped counterparts. A combination of the oil ow and
PIV results allowed for a condent assertion that the trip strip device implemented in
this study had the desired eect on xing the location of transition. Based on this result,
and to replicate the ow conditions present at full-scale ight, the trip strip remained
attached throughout the duration of testing.
Table 4.1: Boundary layer thicknesses at x=c = -0.2, y=c = -0.55.
 (degrees) U1 (ms 1) 99;tripped (mm) 99;untripped (mm)
0 10 7.1 6
0 25 6.7 4.8
2 25 7.1 5.1
4.1.2 Formation and evolution of a tip vortex
Non-dimensionalised axial vorticity (
x) contours at a streamwise (x=c) distance of -0.2
in the y  z plane around the wing tip are shown in Figure 4.3. Surface reections are a
well-known problem when acquiring PIV measurements near solid bodies [143]. In the
contour plots presented between -0.75  x=c  -0.2, a grey outline has been used to cover
the areas aected by surface reections. No distinguishing ow features were present
in the contour plots obtained at x=c = -0.75 and -0.5, therefore these results have been
omitted from the discussion. At x=c = -0.2, in Figure 4.3, for a given angle of attack, a
region of concentrated vorticity was visible near the suction side of the wing tip. This
region was formed by the separation and subsequent rolling up of the boundary layer
from the pressure side of the wing [25]. At x=c = - 0.2, it was observed that as the angle
of attack increased, the region of high vorticity above the suction surface of the wing
increased in both area and magnitude. From the oil ow measurements, the location
of the separation line at the tip shifted upstream with . Furthermore, it has already
been discussed that as the angle of attack increases, the pressure dierence between the
suction and pressure side increases until stall. As a consequence of the greater pressure
dierence, the cross-stream ow would undergo higher levels of acceleration and the
feeding sheet of the boundary layer vorticity to the tip vortex would increase. ThisChapter 4 Baseline Vortex Flow Field 75
(a) Untripped case (b) Tripped case (c)
(d) Untripped case (e) Tripped case (f)
(g) Untripped case (h) Tripped case (i)
Figure 4.2: Non-dimensionalised axial velocity contour plots acquired at y=c = -0.55.
Flow from right to left in contour plots. In Figures (a) to (c), Re = 1:9  105, 
= 0 degree. Figures (d) to (f), Re = 4:7  105,  = 0 degree. Figures (g) to (i),
Re = 4:7  105,  = 2 degrees. Velocity proles in Figures (c),(f), and (i) extracted
from x=c = 0:02, which is the white dash line in Figure (a).
explains why the region of vorticity located near the suction surface of the tip increased
in both area and magnitude with increasing angle of attack.
To examine the near eld properties of the developing tip vortex ow eld without
the problem of surface reection, measurements downstream of the wing were acquired.
Downstream of the trailing-edge of the wing it was evident that the rolling up process
occurred rapidly because at x=c = 0.5 a vortex was present (Figure 4.4). By x=c = 1, a
nearly axisymmetric vortex was apparent. At  = 14 degrees the vortex core appeared
to be under-resolved across the range of x=c distances measured, which was due to theChapter 4 Baseline Vortex Flow Field 76
(a)  = 2 degrees (b)  = 6 degrees
Figure 4.3: Non-dimensionalised axial vorticity at x=c =  0:2. Re = 2.8  105.
Wing location marked in white outline. Grey outline marks regions aected by surface
reections.
problem associated with core seeding at this high angle of attack. It should be noted
that, as planar PIV was used, only the component of the vorticity in the streamwise (!x)
direction was examined. However, Ramparian and Zheng [31] found it was reasonable
to consider !x as the only dominant vorticity in the core for x=c < 3. From the contour
plots in Figure 4.4, for a given angle of attack, the vorticity decreased gradually from
maximum at the centre of the vortex to nearly zero in the outer part of the vortex.
Several competing processes determine the peak vorticity magnitude in the core [31].
The rolling up of the shear layer increases the maximum vorticity, while processes such as
diusion by molecular viscosity and turbulence cause the maximum vorticity to decrease.
Other processes may also have an eect such as smoothing due to vortex meandering,
which would reduce the peak vorticity value. Outside of the core, the ow structure
was dominated by the wing wake, which wound into a spiral around the vortex core. In
agreement with the results at x=c = - 0.2, both the vorticity magnitude and size of the
vortex increased with .
Regarding the motion of the vortex, for a given angle of attack, the vortex core was
observed to generally deect downward and shift inboard as it advanced downstream.
The downward motion of the vortex core was due to wing downwash. The inboard
motion was primarily due to the continuing rolling up of the shear layer, which causedChapter 4 Baseline Vortex Flow Field 77
 = 2 degrees  = 6 degrees  = 14 degrees
(a) x=c = 0.5 (b) x=c = 0.5 (c) x=c = 0.5
(d) x=c = 1 (e) x=c = 1 (f) x=c = 1
(g) x=c = 1.5 (h) x=c = 1.5 (i) x=c = 1.5
(j) x=c = 2 (k) x=c = 2 (l) x=c = 2
Figure 4.4: Evolution of a tip vortex with downstream distance at several angles of
attack. Re = 2.8  105. Black outline marks location of wing trailing-edge.
more and more of the spanwise vorticity to be rotated into the axial direction and added
to the outer layers of the vortex [31]. With regards to the dependency of the vortex
motion on , and as reported by Gerontakos and Lee [28], there was no appreciable
dierences in the spanwise location of the vortex centre (yc=c) when altering the angleChapter 4 Baseline Vortex Flow Field 78
of attack. The greater downward motion (zc=c) with  was consistent with the gener-
ation of higher lift, and the resulting larger downwash. The observations made in this
section were in accordance with those previously reported in the literature [27, 28, 65],
which adds condence to the reliability in the results obtained. The subsequent sections
(Sections 4.1.2.1 to 4.1.2.4) examine the trends of the baseline data using quantitative
analysis.
4.1.2.1 Vortex size
The radius of the vortex (rc) was dened as equalling the radius at which the maximum
non-dimensionalised tangential velocity occurred. Overall, for a given angle of attack,
the size of the vortex increased as it advanced downstream (Figure 4.5). The point at
x=c = 0:5 and  = 14 degrees was considered anomalous. This was caused by uctuations
in the tangential velocity prole that increased the radius at which v
max occurred. In
general, the radius of the vortex increasing in size with x=c was in agreement with the
trends discussed in the literature. The radius of the vortex increasing with downstream
distance has been described as being due to diusion of the vortex [32]. Examining the
variation in the vortex radius with angle of attack, the vortex became signicantly larger
as  increased. It is known that both the wake thickness and lift-generating circulation
increase with the angle of attack [31, 35]. Correspondingly, the thickness of the shear
layer rolling up to form the vortex also increased. Therefore, it can be assumed that it
was the rolling up of this thicker shear layer that led to a larger vortex.
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Figure 4.5: Non-dimensionalised tip vortex radius (rc=c) plotted against non-
dimensionalised streamwise distance (x=c) at several angles of attack. Re = 1:9  105.
Error bars are Scs. Lines included for visual aid only.Chapter 4 Baseline Vortex Flow Field 79
4.1.2.2 Circulation
The non-dimensionalised circulation (  =  =U1c) proles calculated from the mean
velocity data is shown in Figure 4.6. In this gure, the slope of each line was a measure
of the local mean vorticity as the abscissa was the non-dimensionalised area enclosed by
the contour of integration, A = (r=c)2 [34]. A sample of error bars was included in
these gures. These error bars represent the sampling uncertainty at each A position.
The sampling uncertainty at each A position was estimated from the standard deviation
of the variable, in this case  , from a set of ve time averaged distributions. Each one of
these ve time averaged distributions were obtained at  = 6 degrees and Re = 1:9105.
Across the congurations tested, and as observed in the axial vorticity contours, the
vorticity was highest at the centre of the vortex and approached zero outside of it. For
a given angle of attack, the distribution of the circulation was consistent across the
streamwise distances measured. When increasing the angle of attack, the data conrms
that the vortex strength increased.
Examining the relationship between the strength of the vortex and angle of attack fur-
ther, Figure 4.7(a) shows that a linear relationship existed. This can be explained by
Prandtl's lifting-line theory. This theory equates the circulation strength of a vortex to
the strength produced by the bound vorticity at the wing root, which is proportional
to the lift produced or angle of attack [50]. The increase in  
max even between  = 12
to 14 degrees is in keeping with results previously reported using a NACA 0012 prole
[53], which indicated that the stall angle had not been reached. The persistent nature
of the vortex, in the near eld at least, for a given angle of attack is demonstrated in
Figure 4.7(b), in which there was little variation in the non-dimensionalised circulation
as the vortex advanced downstream.
4.1.2.3 Tangential velocity
Figure 4.8 shows the variation in the maximum non-dimensionalised tangential veloc-
ity (v
max) with non-dimensionalised streamwise distance (x=c). For the baseline case,
across all the sample planes, the maximum non-dimensionalised tangential velocity was
highly dependent on the angle of attack. For example, the maximum tangential velocity
equalled 40% of the free-stream velocity at  = 2 degrees, 60% at  = 6 degrees, andChapter 4 Baseline Vortex Flow Field 80
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Figure 4.6: Non-dimensionalised circulation ( ) distributions plotted against area
enclosed by the contour of integration (A) for several angles of attack. Re = 1:9105.
85% at  = 14 degrees. In Figure 4.8, for a given angle of attack, the observed reduction
in the maximum tangential velocity with downstream distance, most noticeable at  =
2 degrees, was due to diusion of the vortex.
4.1.2.4 Reynolds number dependency
To examine the dependency of the vortex properties with Reynolds number, measure-
ments were acquired at Re = 1:9 and 2:8105. The vortex size was found to be strongly
dependent on the angle of attack but weakly dependent on Reynolds number (Figure
4.9(a)). Only at high angles of attack (  10 degrees) was the vortex size signicantly
larger for the lower Reynolds number case, which was in agreement with the results
reported by Birch at al. [35]. Lowering the Reynolds number resulted in the viscousChapter 4 Baseline Vortex Flow Field 81
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Figure 4.7: Dependency of maximum non-dimensionalised circulation of tip vortex
with angle of attack and streamwise location. Re = 1:9  105. Uncertainty bars are
smaller than symbol size.
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Figure 4.8: Maximum non-dimensionalised tangential velocity (v
;max). Re = 1:9 
105. Uncertainty bars are smaller than symbol size.
forces increasing and the inertial forces reducing. As such, for the lower Reynolds num-
ber increased cross-ow separation and a more diused tip vortex would be expected
[25], thus explaining why the vortex size increased for high angles of attack.
The dimensional circulation and peak tangential velocity were found to increase with
Reynolds number, which was due to the associated generation of higher lift. However, the
dierence in the non-dimensionalised tangential velocity (Figure 4.9(b)) and circulation
for the two Reynolds number cases was within the measurement uncertainty. From the
results presented, it can be concluded that the circulation density was higher for Re =
2:8105 than that of the lower Reynolds number case. In Chapter 5, measurements with
control were acquired at Reynolds numbers of 1.9 and 2.8  105 in order to investigateChapter 4 Baseline Vortex Flow Field 82
the eect increasing the Reynolds number had on the performance of the actuator when
trying to control the evolving vortex ow eld.
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Figure 4.9: Comparing properties of vortex at two Reynolds numbers. x=c = 0.5.
To summarise the baseline symmetric wing tip ow eld results, it was concluded that
the formation of the tip vortex was associated with the ow at the wing tip. For
the round tip geometry used during this research, a single separation line was present.
Downstream of the trailing-edge of the wing, the rolling up process occurred rapidly, as
by x=c = 0.5 a tip vortex was present. The strength of the vortex was dependent on
both Reynolds number and angle of attack. When increasing either variable, the data
conrmed that the vortex strength increased. The size of the vortex was found to be
a strong function of angle of attack but a weak one of Reynolds number. The trends
reported in this section agreed well with those described in the literature. Furthermore,
the values of the core vortex ow parameters obtained from the research presented in
this section, shown in Table 4.2, were comparable to the range of values reported in
the literature, shown in Table 2.1. The subsequent section presents and discusses the
baseline acoustic properties of the symmetric wing in the far eld.
Table 4.2: Core vortex ow parameters obtained from round tip symmetric wing
research, which used a NACA 0015 wing section.  (%c) = 0.3.
AR Re ( 105) x=c  (degrees) v
max (%) rc (%c)  
max (10 2)
2.2 1.9, 2.8 -0.75{2 2{14 34{83 2.3{3.7 9{3Chapter 4 Baseline Vortex Flow Field 83
4.1.3 Far eld acoustics
This section examines the baseline far eld acoustic properties of the symmetric wing.
For details of the experimental set-up, refer to Section 3.5.3. Figure 4.10 shows an
example of the far eld sound pressure level (SPL) of the symmetric wing for the ow
untripped and tripped. For the untripped case, a broadband feature was present in the
spectrum. As will be shown, this broadband feature was highly dependent on both the
Reynolds number and angle of attack. It was observed that tripping the ow signicantly
attenuated this broadband noise feature (Figure 4.10). For the tripped case, and with
the exception of the attenuated broadband noise feature, no clear dierences existed
between the far eld SPL of the wing and the measured background levels. Maximum,
and comparable, sound pressure levels (SPL) were obtained at  = 90 and -90 degrees.
These two microphones,  = 90 and -90 degrees, were directly opposite the suction
and pressure sides of the wing respectively. To investigate the characteristics of the
broadband noise feature further for the untripped case, data across a wide range of test
congurations was obtained.
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Figure 4.10: The eect of tripping the ow on the far eld SPL levels. Re = 1.9 
105,  = 4 degrees,  = -90 degrees.
Samples of the typical results obtained across the angle of attack range tested are shown
in Figure 4.11. Several key trends can be discerned from these gures. Firstly, the
broadband hump contained several tonal components. Secondly, the broadband hump
was only apparent across a certain range of Reynolds numbers. This Reynolds number
range increased with angle of attack. For example, at  = 2 degrees the broadband
hump was only clearly visible at Re = 1.9 and 2.3  105, whereas at  = 14 degrees
the broadband hump was visible between Re = 1.9 and 7.5  105. Although at  = 14
degrees, between Re = 3.7 and 7.5  105, the maximum SPL and centre frequencyChapter 4 Baseline Vortex Flow Field 84
number of the hump decreased. Thirdly, for a given angle of attack, the centre frequency
number of the broadband hump increased with Reynolds number.
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Figure 4.11: Far eld SPL of symmetric wing at several angles of attack.  = -90
degrees.
The far eld SPL at several Reynolds numbers were also plotted (Figure 4.12). The same
trends can be seen in Figure 4.12 as mentioned previously. However, the individual plots
in Figure 4.12 reveal more information. That is, in general, for a given Reynolds number
as the angle of attack increased, the SPL of the broadband hump increased in magnitude
but the centre frequency of the hump remained fairly consistent. The last trend observed
was that as the Reynolds number increased, the angle of attack range, over which the
broadband hump was visible, reduced. For example, at Re = 1.9  105 the broadband
feature was visible across the entire angle of attack range. Unlike at Re = 7.5  105, at
this higher Reynolds number the noise feature was only visible at the higher angles of
attack ( = 12 and 14 degrees). It is possible to conclude from these results that with
the ow in free transition, a broadband feature with tonal components was present in
the far eld spectra. Furthermore, the minimum angle at which the broadband featureChapter 4 Baseline Vortex Flow Field 85
rst occurred increased with Reynolds number. The SPL of the feature increased with
 and the centre frequency number of the broadband hump increased with Reynolds
number.
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Figure 4.12: Far eld SPL at several Reynolds numbers.  = -90 degrees.
For source identication, the ow was tripped rstly only on the suction and then
only on the pressure side of the wing. Only in the second case, was the broadband
feature suppressed. As a conclusion, the noise feature was associated with the ow in
the vicinity of the pressure side of the wing. PIV measurements were acquired in the
more convenient test facility of the hard wall wind tunnel (Figure 4.13). Examining the
velocity uctuations shows that with the ow tripped on the pressure side the relatively
high levels of uctuations close to the trailing-edge of the wing were eradicated.
Taking into account all of the results presented, it became clear that the noise feature
measured related to the airfoil tones at moderate Reynolds numbers [144{149]. It should
be noted that two-dimensional wings have been tested in the studies conducted in the
literature. The research conducted in this chapter allows for the conclusion that theChapter 4 Baseline Vortex Flow Field 86
noise feature is still apparent when testing on a three-dimensional geometry. Although
not the focus of the research conducted in this chapter, the physics behind the features
of the tonal noise have been explored extensively in the literature [149, 150]. It has
been found that the radiation of the noise requires \the local boundary layer to contain
inectional velocity prole, i.e. in separated state" [150]. Therefore, the broadband
noise feature is highly dependent on both the angle of attack and Reynolds number.
As these two parameters aect the location of transition and the presence, or lack of, a
separation bubble [150]. However, the exact mechanisms of these tonal features are still
the focus of current investigations. Indeed, Tam and Ju [145] stated that even to this
day there is no clear consensus on the tone generation mechanisms. They went on to
further state that major dierences exist in experimental observations of the past, with
some reporting multiple tones and others a single tone.
The results obtained in this section show that for a single-element wing, trailing-edge
noise should be considered the important noise source. In the literature review, Section
4.2, the qualitative similarities between the wing tip and ap side-edge vortex systems
were described. For example, studies on the square wing tip vortices have shown the
presence of a dual vortex system [30, 38, 55]. Similar observations of a dual vortex system
were made by researchers investigating the ap side-edge ow eld [15, 72, 73]. Studies
have shown that the ap side-edge is a signicant component of noise [11], however
little attention has been given to wing tip vortex noise. If similar ow structures exist
between the two cases, the question remains the following: why is the ap side-edge a
key component of airframe noise more so than the tip vortex? According to Molin [151],
the vortex pairing in itself does not contribute signicantly to the generation of ap side-
edge noise. Brooks et al. [76] stated that \as part of a wing and ap high-lift system, the
ap is much more loaded aerodynamically than it would be if isolated. Because of this, it
has been found capable of producing much more intense noise." The greater circulation
associated with the ap would result in higher levels of loading when compared to that
of the symmetric wing. The tangential velocity of the ap side-edge vortex would thus
be greater making it harder to control when compared to the symmetric wing. The next
section examines the baseline aerodynamic ow eld of a ap side-edge.Chapter 4 Baseline Vortex Flow Field 87
(a) Untripped, Re = 1.9  105 (b) Tripped, Re = 1.9  105
(c) Untripped, Re = 4.7  105
Figure 4.13: wrms/U1 contour plots near trailing-edge of wing at  = 2 degrees for
tripped and untripped cases of the pressure side of the wing. y=c = -0.55.
4.2 Flap Side-Edge Flow Field
4.2.1 Surface ow visualisation
Oil ow visualisation of the ap side-edge ow eld was conducted at a free-stream
velocity of 20 ms 1, which corresponded to a Reynolds number of 4.4 105, with the
wing at angles of attack of 4 and 10 degrees. For both angles of attack, from Figure 4.14,
near the leading-edge of the ap, the ow was seen to separate from the pressure side
and then reattach along a primary attachment line. The rolling up of the shear layer
then led to the formation of a primary vortex. The movement of the primary attachment
line towards the suction surface of the ap was indicative of the vortex growing rapidlyChapter 4 Baseline Vortex Flow Field 88
[15]. A focal point was situated between the side-edge and suction side of the ap, which
was evidenced by the accumulation of oil. Khorrami et al. [73] and Angland et al. [15]
reported a similar phenomenon in their results. The separation point was xed at the
bottom edge of the ap. In comparing the oil ow results in Figure 4.14 between angles
of attack of 4 and 10 degrees, a steeper trajectory of the primary attachment line was
visible for  = 10 degrees. In general, overall the ow structures present for the two
angle of attack cases were comparable.
Focal point
Primary attachement line
(a)  = 4 degrees
Focal point
Primary attachement line
(b)  = 10 degrees
Figure 4.14: Pictures of oil ow measurements obtained across the ap side-edge.
Re = 4:4  105. Flow from right to left.Chapter 4 Baseline Vortex Flow Field 89
4.2.2 Formation and evolution of vortical system
The near eld formation and evolution of the ap side-edge vortex was investigated
using PIV, the experimental set-up of which was discussed in Section 3.5.2. Figure 4.15
shows the non-dimensionalised axial vorticity at several Reynolds numbers with the wing
at an angle of attack of 4 degrees. The axial vorticity was non-dimensionalised using
Equation 3.2. To gain insight into the baseline properties of the tip vortex downstream
of the ap trailing-edge, measurements were acquired at xf=cf = 3 and 4. However,
unlike for the symmetric wing results obtained in the previous section (Section 4.1.2),
the ow eld downstream of the ap side-edge was comprised of intermittent structures
that meant it was not possible to resolve the mean ap side-edge vortex downstream
of the trailing edge. The examination of the eect of control on the ap side-edge ow
eld was therefore conducted between x=c = 0.25 to 0.7. At a non-dimensionalised
ap-streamwise distance along the ap (xf=cf) of 0.25, for a given Reynolds number, a
band of vorticity, which was close to the trailing-edge of the main element, was visible.
The source of this vorticity was the wake of the main element [15]. In Figures 4.15(a)
to 4.15(c) the location of the main element trailing-edge has been marked with a black
dashed line. Close to the suction surface of the ap side-edge, the main element wake
vorticity appeared to be entrained into the evolving ap side-edge vortex ow eld.
By xf=cf = 0.5, on the suction surface of the ap, the shear layer originating from the
ap pressure side rolled up to form the primary vortex (Figure 4.15). This primary
vortex entrained vorticity from the main element wake and the feeding sheet from the
pressure side of the ap. The deection of the main body of vorticity down towards
the suction surface indicated that at this location the vortex ow eld reattached to
the suction surface of the ap. The movement of the primary attachment line onto the
suction surface of the ap along with the interaction between the primary vortex ow
eld and main element wake have been described as being strong sources of unsteadiness
[15]. Downstream at xf=cf = 0.7, the concentrated region of vorticity was away from the
surface, leading to the conclusion that the vortex had separated from the ap suction
side. The main element wake vorticity wrapped around the vortex and was convected
toward the solid surface of the ap.
At  = 4 degrees between xf=cf = 0.25 to 0.7, the ap side-edge vortex developed and
evolved increasing in both size and strength as it advanced downstream. It was observedChapter 4 Baseline Vortex Flow Field 90
Re = 2:2  105 Re = 3:3  105 Re = 4:4  105
(a) xf=cf = 0.25 (b) xf=cf = 0.25 (c) xf=cf = 0.25
(d) xf=cf = 0.5 (e) xf=cf = 0.5 (f) xf=cf = 0.5
(g) xf=cf = 0.7 (h) xf=cf = 0.7 (i) xf=cf = 0.7
Figure 4.15: Baseline non-dimensionalised axial vorticity contours for  = 4 degrees
at several Reynolds numbers.
that increasing the Reynolds number resulted in the increase of dimensionalised axial
vorticity levels present in the primary vortex ow eld. By comparing the ow structures
present, overall, the results show similar structures for each of the three Reynolds number
cases. In Chapter 5, active ow control with DBD actuators has been applied with the
aim of attenuating the ap side-edge vortex.
Figure 4.16 shows the PIV measurements obtained at  = 10 degrees and a Reynolds
number of 2:2105. The results at the higher Reynolds numbers of 3.3 and 4:4105 have
been omitted as, overall, they match those shown in Figure 4.16. Between xf=cf = 0.25
to 0.5 the ow structures present for at  = 10 degrees generally matched those seen at
 = 4 degrees, although slightly higher levels of vorticity can be seen for the higher angleChapter 4 Baseline Vortex Flow Field 91
(a) xf=cf = 0.25 (b) xf=cf = 0.5
(c) xf=cf = 0.7
Figure 4.16: Baseline non-dimensionalised axial vorticity contours for  = 10 degrees.
Re = 2:2  105.
of attack case. These higher levels of vorticity were associated with Prandtl's lifting-line
theory. Examining the results at  = 10 degrees further, towards the trailing-edge of
the tip, the ow was fully detached from the surface. The vortex was fed from vorticity
originating from the pressure side of the ap. As was observed for  = 4 degrees,
increasing the Reynolds number at  = 10 degrees resulted in the strength of the tip
vortex increasing.
From the baseline results it has been established that the ap side-edge ow eld was
dominated by a primary vortex. As a square tip conguration was used, the separation
point was xed towards the pressure side of the ap. The main vortex reattached along
the primary attachment line. As the ow advanced downstream, the primary attachment
line moved towards the suction surface of the ap. The primary tip vortex entrained
vorticity from the pressure side of the ap and the main element wake. Increasing eitherChapter 4 Baseline Vortex Flow Field 92
the angle of attack or Reynolds number resulted in the strength of the vortex increasing.
These results agreed with the trends reported in the literature [15, 73].
4.3 Summary
The baseline aerodynamic properties of a single-element symmetric wing and high-lift
wing equipped with a semi-span ap have been experimentally investigated. Although
dierences such as the aerodynamic loading and tip geometry existed between the two
test cases, the principle of the tip vortex formation was the same for both cases. The
utilisation of a single-element wing allowed for an understanding into the principle mech-
anisms and dependent features of the tip vortex formation. Following this fundamental
study, and in keeping with the aims of the research discussed in Section 1.2, the vortex
ow eld of the ap side-edge was investigated.
For the single-element symmetric wing experiment, PIV was used to examine the time
averaged ow eld. Oil ow measurements were performed in conjunction with PIV to
determine the near eld ow features. Far eld acoustic measurements were acquired
with the aim of understanding the acoustic characteristics of the symmetric wing. Based
on the experimental results, the key conclusions regarding the baseline tip vortex features
were:
 The formation of the tip vortex was associated with the ow at the wing tip.
Firstly, the boundary layer at the pressure side of the tip wrapped around the
wing tip. Then, separation of the ow occurred as a consequence of the adverse
pressure gradient that existed on the suction side of the wing. This ow eld
then rolled up to eventually form the tip vortex. The rolling up process occurred
rapidly, as by x=c = 0.5 a tip vortex was present.
 The baseline vortex radius was highly dependent on the angle of attack but weakly
dependent on Reynolds number. When increasing the angle of attack the vortex
became signicantly larger. For high angles of attack (  10 degrees), increasing
the Reynolds number resulted in the vortex size decreasing.
 The strength of the vortex was dependent on both the angle of attack and Reynolds
number. When increasing either the angle of attack or free-stream velocity, theChapter 4 Baseline Vortex Flow Field 93
data conrms that the vortex strength increased. However, for a given cong-
uration, the non-dimensionalised vortex strength obtained at the two Reynolds
number was comparable.
 A broadband noise feature with tonal components was present in the far eld
spectra. The properties, sound pressure level and centre frequency, of this noise
feature were highly dependent on both the angle of attack and Reynolds number.
The mechanism behind this broadband noise feature related to airfoil tones at
moderate Reynolds numbers as described in the literature.
For the high-lift wing equipped with a square tip semi-span ap, the baseline ow eld
was measured using PIV and oil ow. The use of a square tip conguration xed
the separation point at the pressure side of the ap. Once the ow from the pressure
side separated, a shear layer rolled up to form the primary tip vortex, which entrained
vorticity from the pressure side of the ap and the main element wake. Increasing either
the angle of attack or Reynolds number resulted in the strength of the vortex increasing.
In the following chapter, active control with a DBD actuator has been applied to the
ap side-edge with the primary aim of weakening and/or displacing the ap side-edge
vortex.Chapter 5
Active Control of Tip Vortex
Flow Fields
This chapter is divided into two main sections. Section 5.1 presents and describes the
eect that applying control with a DBD actuator had on the symmetric wing tip vortex.
An examination of the dependency of the actuator's performance on both angle of attack
and Reynolds number is conducted. Following this, in Section 5.2, the capability of
the DBD actuator to control the ap side-edge ow eld with the wing in landing
conguration is investigated. Parts of this work have been presented as a conference
paper [2]. A journal paper is currently under preparation [5].
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5.1 Active Control of a Wing Tip Vortex
As discussed in the literature review in Section 2.3.1.1, several studies have investigated
the use of DBD actuators for vortex control [19, 109, 129]. For example, Boesch et al.
[19] investigated the concept of using DBD actuators to modify the lift of a conven-
tional wing for roll control. Based on their computational results, it was reported that
the downstream vortex underwent signicant diusion. Furthermore, using a projected
actuator strength, the lift increased by 20% and there was a modest increase in drag.
The suction side actuator was found to be the most eective regarding the lift increase.
However, the relatively low induced velocity of the current generation of DBD actuators
can be seen as a limitation. This limitation may explain why relatively low free-stream
velocities were used in all of the previous research related to vortex control with a DBD
actuator (a maximum of 4 ms 1 tested by Agibalova et al. [129] and a maximum of 15
ms 1 tested by Boesch et al. [19]). The research presented in this section experimentally
examined the eect of DBD actuators on a vortex ow eld of a single-element wing.
The actuator conguration tested was similar to that used by Boesch et al. [19]. How-
ever, the research presented herein experimentally examined the eect of the actuators
on the vortex ow eld. Furthermore, unlike in Boesch et al. work, the dependency
of the actuators' performance on both angle of attack and Reynolds number has been
examined. The term \control" has been used throughout this chapter to denote the case
in which control with DBD actuators has been applied.
5.1.1 DBD actuator vortex generator
DBD actuators were placed around the tip of a NACA 0015 half-span model (Figure
3.7), with the aim of modifying the evolution of a tip vortex. The actuator design
was discussed in Section 3.3.2. To gain an insight into the ow features generated by
the actuator, measurements at  = 6 degrees and x=c = -0.2 were acquired at a free-
stream velocity of 2 ms 1. This free-stream velocity corresponded to a Reynolds number
of 0:38  105. At this Reynolds number, measurements were acquired with the DBD
actuator operating at several induced velocities (Ui), namely 2.6, 4, and 5 ms 1. In the
baseline non-dimensionalised axial vorticity contour plot (Figure 5.1(a)), a concentrated
region of axial vorticity above the suction surface was visible.Chapter 5 Active Control of Vortex Flow Fields 96
(a) Baseline (b) Control, Ui = 2.6 ms 1
(c) Control, Ui = 4 ms 1 (d) Control, Ui = 5 ms 1
Figure 5.1: Non-dimensionalised axial vorticity contour plots illustrating the ow
structures generated by the DBD actuator. DBD electrodes drawn schematically in
dark grey. Re = 0.38  105, x=c =  0:2,  = 6 degrees. E = 10 kV.
Through its interaction with the oncoming ow, the application of control led to the
generation of streamwise longitudinal vortices at each actuator location (suction, tip
and pressure) (Figures 5.1(b) to 5.1(d)). The tip DBD actuator started at 0.17c and
ended at 0.73c, which is why at x=c = 0.8 the electrode pair at the tip are not shown in
Figures 5.1(b) to 5.1(d). The size and strength of these DBD actuator generated vortices
increased with Ui, which is in agreement with previously reported results [125]. At the
lowest Ui tested, the application of the DBD actuator resulted in the disruption of the
feeding sheet of vorticity. Furthermore, on the suction surface of the wing, the primary
vortex and DBD generated ow elds merged and separated from the surface. At the
higher induced velocities, the ow eld was dominated by DBD generated ow features.
In Figure 5.1(d), the strength of the generated vortices at Ui = 5 ms 1 led to the issue ofChapter 5 Active Control of Vortex Flow Fields 97
core seeding, as the vortex below the pressure side was under-resolved. Given the scope
of this research, parameters such as the yaw angle or the length of the actuator were not
examined. However, it has been shown that having the body force vector perpendicular
to the free-stream ow, such as in this research, results in the generation of the strongest
vortices [125].
The experimental observations discussed above are in agreement with the computational
results reported by Boesch et al. [19]. Boesch et al. hypothesised, from simulations with
a wing at an angle of attack of 0 degree, that each of the three actuators played a dierent
role. Firstly, the pressure side actuator was described as slowing down the ow around
the tip. Secondly, the actuator on the suction side was described as eectively blocking
the ow around the tip. Finally, the eect of the wing tip centred actuator was to form
an additional barrier against the ow from the suction side of the wing. Although as
will be discussed in the subsequent sections, the experimental research conducted in this
chapter sheds new light on the roles played by the suction and pressure side actuators.
5.1.2 Actuator's eect on a tip vortex
Following on from the relatively low Reynolds number tested in Section 5.1.1, PIV
measurements were performed at Reynolds numbers of 1.9 and 2.8  105. In order to
understand the dependency of the actuator's performance with angle of attack, mea-
surements were acquired with control at several angles of attack. These measurements
were obtained at non-dimensionalised streamwise distances ranging from x=c = -0.2 to
2. Starting with the on-surface ow eld measurements, the non-dimensionalised axial
vorticity contours with and without control at x=c = -0.2, Re = 2.8  105 and  = 2
and 6 degrees are shown in Figure 5.2. At both angles of attack, upon the application
of control the vorticity region that was present above the suction surface in the baseline
case increased in area. At an angle of attack of 2 degrees, two distinct vortical struc-
tures were visible above the suction and pressure side actuators. This observation is in
keeping with the results discussed in Section 5.1.1, wherein it was concluded that the
DBD actuator orientated normal to the free-stream velocity vector led to the generation
of vortices.
At an angle of attack of 6 degrees, tests were performed with control applied at several
induced velocities. Measurements were acquired at Ui of 2.6 and 5 ms 1 (Figure 5.3).Chapter 5 Active Control of Vortex Flow Fields 98
 = 2 degrees  = 6 degrees
(a) Baseline (b) Baseline
(c) Control (d) Control
Figure 5.2: Non-dimensionalised axial vorticity contour plots without and with con-
trol at x=c = -0.2. Re = 2.8  105. E = 10 kV. Duty cycle respectively equal to 10,
25 and 40% for Ui of 2.6, 4 and 5 ms 1.
At x=c = -0.2, it was not possible to discern any signicant dierences in the baseline
and control at Ui = 2.6 ms 1 ow elds (Figures 5.3(a) and 5.3(b)). However, as already
discussed, when control was applied at Ui of 5 ms 1, the region of vorticity above the
suction surface was seen to increase in size relative to that observed in the baseline case
(Figure 5.3(c)). To better gauge the eect of the induced velocity on the vortex ow
eld, measurements with control applied at several Ui were acquired downstream of the
wing trailing-edge at x=c = 0.5 (refer to Section 5.1.2.2). However, from the on-surface
contour plots, the inuence of the DBD actuator on the evolving vortex ow eld was
dependent on its induced velocity.Chapter 5 Active Control of Vortex Flow Fields 99
(a) Baseline (b) Control, Ui = 2.6 ms 1
(c) Control, Ui = 5 ms 1
Figure 5.3: Non-dimensionalised axial vorticity contour plots with control at several
induced velocities. Re = 2.8  105, x=c = -0.2,  = 6 degrees. E = 10 kV.
The baseline non-dimensionalised axial vorticity contours at Re = 1:9  105 (Figures
5.4(a) and 5.4(b)) and  = 6 degrees showed the same overall trends observed at Re =
2:8105. At Re = 1:9105, the DBD actuator appeared to have more of a discernible
eect on the vortex ow eld than that observed at the higher Reynolds number. From
Figures 5.4(c) and 5.4(d) it can be seen that the application of control resulted in an
increase in the uctuating velocity around the surface of the wing tip. In the literature
review it was discussed that introducing turbulence into the primary tip vortex ow
eld can lead to its diusion. In which case it would be possible for any unsteadiness
generated by the interaction between the DBD actuator and primary tip vortex ow
elds to lead to the diusion of the primary tip vortex.
To further examine the eect of the DBD actuator on the vortex ow 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were acquired downstream of the wing between x=c = 0.5 and 2. From Figure 5.5, the
application of control resulted in the core vorticity decreasing. Furthermore, the size of
the vortex increased. No measurable displacement in the vortex core was observed when
applying control. The ow eld for both angles of attack consisted only of the primary
tip vortex. In the subsequent sections, further quantitative analysis is used to better
understand the eect of the device on the vortex ow eld.
(a) Baseline (b) Control
(c) Baseline (d) Control
Figure 5.4: Non-dimensionalised axial vorticity ((a)-(b)) and uctuating velocity ((c)-
(d)) contour plots without and with control. Re = 1.9  105, x=c = -0.2,  = 6 degrees.
E = 10 kV, Ui = 5 ms 1.Chapter 5 Active Control of Vortex Flow Fields 101
 = 2 degrees  = 6 degrees
(a) Baseline (b) Baseline
(c) Control (d) Control
Figure 5.5: Non-dimensionalised axial vorticity contour plots without and with con-
trol. Re = 1.9  105, x=c = 0.5. E = 10 kV, Ui = 5 ms 1.
5.1.2.1 Vortex size
From Figure 5.6(a), it is clear that the vortex size was larger for the control case than that
of the baseline, up until an angle of attack of 10 degrees. Past this angle of attack, the
dierence between the baseline and control cases was within experimental error. Figure
5.6(b) summaries the eect of control on the vortex radius with downstream distance
from x=c = 0.5 to 2. In this gure, the vortex radius with control (rc;cl) was normalised
by the corresponding quantity for the baseline case (rc;bl). The same trends previously
discussed were seen for  = 2 and 6 degrees, across the range of x=c planes measured a
larger vortex was present for the control case. At  = 14 degrees, the dierence in vortex
size for the baseline and control cases was within experimental error. The results show aChapter 5 Active Control of Vortex Flow Fields 102
dependency between the change in the vortex size and the angle of attack. At low angles
of attack, control resulted in the vortex size increasing, whereas at high angles of attack
control had no eect on the vortex size. Although there were uctuations in rc;cl=rc;bl
with x=c for  = 2 and 6 degrees (Figure 5.6(b)), it was clear that the growth rate in the
vortex size was not a function of x=c. Instead, the vortex size started o being larger for
the control case and continued to be so as the vortex advanced downstream. Therefore,
it is proposed that the interaction between the DBD actuator and the evolving vortex
ow eld across the surface of the wing tip resulted in the presence of a larger tip vortex.
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Figure 5.6: Vortex size without and with control. Re = 1:9  105. E = 10 kV,
Ui = 5 ms 1.
5.1.2.2 Tangential velocity
Figure 5.7 shows the typical non-dimensionalised tangential velocity distributions ob-
tained without and with control applied. For  = 2 and 6 degrees, the data conrms
that the application of the DBD actuator resulted in lower levels of non-dimensionalised
tangential velocity in the vortex core. However, in the outer regions of the vortex the
non-dimensionalised tangential velocity was the same regardless of whether control had
been applied or not. The non-dimensionalised tangential velocity distributions at  = 6
degrees with actuation applied at several induced velocities are shown in Figure 5.7(c).
Increasing the induced velocity resulted in a greater reduction in the peak tangential
velocity, as well as an enlargement in the vortex size. Overall, the results indicated that
a clear dependency existed between the actuators ability to control the evolving vortexChapter 5 Active Control of Vortex Flow Fields 103
ow eld and the induced velocity of the DBD actuator. An increase in the induced
velocity eectively represented an improvement in the control authority of the actuator.
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Figure 5.7: Non-dimensionalised tangential velocity distribution without and with
control. Re = 1.9  105, x=c = 0.5. E = 10 kV. Figures (a) to (b) control applied at
Ui = 5 ms 1.
To investigate the dependency of this increase in vortex size with the actuator congu-
ration, at  = 6 degrees tests were conducted rstly only with the actuator operating on
the suction side of the wing and then only with the actuator operating on the pressure
side (Figure 5.8). A sample of error bars was included in these gures. These error
bars represent the sampling uncertainty at each r=c position. This uncertainty at each
r=c position was estimated from the standard deviation of the variable, in this case v
,
from a set of ve time averaged distributions. Each one of these ve time averaged
distributions were obtained at  = 6 degrees and Re = 1.9  105. From Figure 5.8,
the pressure side actuator broadly lowered the tangential velocity distribution across theChapter 5 Active Control of Vortex Flow Fields 104
vortex. The suction side actuator resulted in a more diused vortex with a signicantly
lower tangential velocity distribution across the core of the vortex. The vortex size in-
creased only when the actuator was on the suction side. The dierence in performance
of these two congurations may in part be explained by the dierent roles each of the
actuators played, which was discussed in Section 5.1.1. That is, the pressure side actu-
ator reduced the strength of the feeding sheet of vorticity from the pressure side of the
wing, which lowered the strength of the evolving vortex. However, it is considered that
the interaction on the suction side of the wing between the DBD suction side generated
ow eld and primary tip vortex ow eld led to the presence of a more diused tip
vortex. Indeed, as discussed in the literature review, a multiple vortex system can be a
source of unsteadiness that leads to the diusion of the primary tip vortex [66]. From
these results, it would seem reasonable to conclude that the increase in the radius of the
vortex was due to the interaction between the primary tip vortex and suction side DBD
generated ow elds.
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Figure 5.8: Non-dimensionalised tangential velocity distribution. Control rstly only
operated on the pressure side of the wing and then only on the suction side. Re =
1:9  105, x=c = 0:5,  = 6 degrees. E = 10 kV.
Adopting a similar approach to that used by both Margaris and Gursul [33] and Heyes
and Smith[71], the instantaneous values of the vortex properties were examined in the
instantaneous elds obtained from the PIV measurements. Quantities of several vortex
properties are shown in Figure 5.9 for both the time averaged and instantaneous cases,
the latter of which was calculated by taking a mean from a data set of 500. It can be
seen that the trends were similar for both instantaneous and time averaged data sets.
This means that reliable conclusions can be drawn from examining the time averagedChapter 5 Active Control of Vortex Flow Fields 105
quantities. From Figures 5.10(a) and 5.10(c), it can be stated that for   10 degrees
the application of control reduced the peak non-dimensionalised tangential velocity. The
ability of the actuator to reduce the peak tangential velocity of the vortex decreased with
increasing angle of attack. At high angles of attack (  12 degrees), the dierence be-
tween baseline and control cases was within experimental error. From Figures 5.10(b)
and 5.10(d), and given the accuracy of the measurements, it can be stated that the max-
imum circulation levels between the control and baseline cases were comparable across
both the angle of attack range and streamwise distances tested. Therefore, based on
these results, for relatively low angles of attack it can be concluded that the application
of control resulted in a diused tip vortex. The performance of the actuator regarding
the reduction in the peak tangential velocity was dependent on both the induced velocity
of the actuator and the angle of attack of the wing.
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Figure 5.9: Comparing time averaged and instantaneous averaged vortex properties.
Re = 1.9  105,  = 2 degrees.
5.1.2.3 Reynolds number dependency
From Figure 5.11, overall the same trends were observed when control was applied at
Re = 2.8  105 to those seen at Re = 1.9  105. That is, at Re = 2.8  105, a
larger vortex with a lower maximum tangential velocity was present for the control
case than that of the baseline. However, the maximum angle of attack at which the
control had an eect on the vortex size and peak tangential velocity had increased
from 10 degrees for Re = 1:9  105 to 12 degrees for Re = 2:8  105. Figure 5.11
demonstrates that the performance of the actuator to control the tip vortex ow eld wasChapter 5 Active Control of Vortex Flow Fields 106
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Figure 5.10: Maximum non-dimensionalised tangential velocity and circulation with-
out and with control.Re = 1.9  105. E = 10 kV, Ui = 5 ms 1.
a strong function of angle of attack but a weak function of Reynolds number. For a given
angle of attack, despite the strength of the vortex ow eld increasing with Reynolds
number, in general, the eect of actuator on the vortex ow eld was comparable for
the two Reynolds numbers tested. Jukes at al. [126] concluded that an angle of attack
dependency on the formation of the DBD generated vortices existed. They found that,
for a two-dimensional wing at an angle of attack of 0 degree, the DBD vortex generator
conguration they tested resulted in the generation of streamwise vortices. However,
Jukes at al. observed little sign of any DBD generated vortices at an angle of attack
of 12 degrees. Furthermore, at high angles of attack, the ow was highly separated.
For example, on-surface PIV measurements revealed a larger body of vorticity on the
suction side surface of the wing for  = 14 degrees than at  = 2 degrees. Therefore, at
high angles of attack, it is proposed that the results observed in Figure 5.11 were dueChapter 5 Active Control of Vortex Flow Fields 107
to a combination of the associated strong vortex ow eld, limited momentum addition
of the DBD actuator, and angle of attack dependency of the DBD generated vortices.
For angles of attack less than 12 degrees, the results presented in this section showed the
DBD actuator conguration tested had a favourable eect on the tip vortex ow eld.
On-surface PIV measurements indicated that when control was applied at a sucient
induced velocity, the region of vorticity present near the suction surface of the wing
increased in area. Downstream of the wing trailing-edge, a more diused vortex was
present for the control case than that of the baseline. The performance of the actuator
was a strong function of its induced velocity and angle of attack of the wing, but a
weak function of Reynolds number. A deployed ap in landing conguration operates
at high ap deection angles (f), in this research f = 40 degrees. The symmetric wing
research demonstrating a drop o in performance past 12 degrees, led to the hypothesis
that applying this conguration to the ap side-edge would not result in a favourable
alteration of the ap side-edge ow eld. As will be discussed in the next section, this is
proposed to be due to the strong vortex present at the ap side-edge and insucient in-
duced velocity of the DBD actuator. To investigate this hypothesis tests were conducted
with the DBD actuator applied to the ap side-edge.
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Figure 5.11: Vortex parameters without and with control at Re = 1.9 and 2.8  105.
E = 10 kV, Ui = 5 ms 1.
5.1.3 Symmetric wing acoustics
During the acoustic measurements, at relatively low Reynolds numbers (Re  2:8105)
and low angles of attack (  8 degrees) with the wing in free-transition, the applicationChapter 5 Active Control of Vortex Flow Fields 108
of control with the DBD actuator was observed to have a positive eect of reducing the
broadband content of the noise feature. The baseline properties of this broadband feature
were discussed in Section 4.1.3. To understand the eect the actuator was having, a test
was devised in which trip strip was placed on the pressure side of the wing at the location
of the plasma discharge. The result of this, shown as the trip line in Figure 5.12, was
comparable to that of the DBD actuator. Thus, it was concluded that the pressure side
actuator acted as a local trip reducing the magnitude of the broadband hump. Although
outside the scope of the present research, this result shows the potential of utilising DBD
actuators for the attenuation of airfoil tones at moderate Reynolds numbers.
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Figure 5.12: Eect of pressure side DBD actuator on the broadband noise feature.
Re = 1:9  105,  = 4 degrees,  = -90 degrees. E = 10 kV, Ui = 5 ms 1.
5.2 Active Control of a Flap Side-Edge Flow Field
Following the results obtained when implementing control with DBD actuators on the
symmetric wing vortex ow eld, the next phase of this research was to examine the
capability of the device to control the ap side-edge ow eld. However, from the
symmetric wing research it was concluded that DBD actuators had no discernible eect
on the vortex ow eld at an angle of attack greater than 12 degrees. As for applying an
actuator on a ap side-edge with the wing in landing conguration, and given the high
inclination (f = 40 degrees) of the ap, an hypothesis was made that no distinguishable
eect on the ap side-edge ow eld would be observed. To test this hypothesis, a
semi-span ap was designed and constructed that could replace the full-span ap of the
three-element model used during the slat experiment, the results of which are discussed inChapter 5 Active Control of Vortex Flow Fields 109
Chapter 6. The geometry of the three-element model in landing conguration (deployed
slat and semi-span ap) was described in Section 3.2.2.
As this research investigated the capability of DBD actuators to control the ow eld
with a wing in landing conguration, the ap deection angle was xed at 40 degrees. In
keeping with the majority of previous studies that investigated ap side-edge control [11],
a square tip geometry was implemented as this was believed to be more representative of
a ap side-edge in current use on aircraft today. Given the geometry of the three-element
model, the thickness of the ap side-edge was such that it was not possible to mount
an actuator on the tip. The work conducted by Boesch et al. [19] concluded that the
pressure and suction side actuators had the most inuence when controlling the vortex
ow eld, and so it was deemed reasonable to install an actuator conguration on the
ap side-edge consisting of pressure side and suction side mounted DBD actuators. The
actuator conguration installed on the ap was discussed in Section 3.3.2. Aiming at
investigating the dependency of the actuator's performance when employed on the ap
side-edge, tests were conducted at two angles of attack (4 and 10 degrees) and three
Reynolds numbers (2.2, 3.3 and 4.4  105).
From a combination of the baseline PIV and oil ow measurements obtained in Section
4.2 and from the discussions presented in the literature, several potential noise sources
in the ap side-edge ow eld were identied. Firstly, at xf=cf = 0.25, a turbulent
shear layer that originated from the pressure side of the ap impinged on the ap side-
edge. This process has been described as being a signicant source of unsteadiness
[74]. Secondly, further downstream at xf=cf = 0.5, the primary attachment line of the
vortex had moved onto the suction surface and the main element wake was entrained
into this primary tip vortex ow eld. Both of these ow features would have led to
signicant perturbations in the ow eld. Lastly, at xf=cf = 0.7, the detached primary
vortex ow eld resulted in uctuations that would have interacted with the ap side-
edge and suction surface. From the symmetric wing research, it was concluded that
the pressure side DBD actuator weakened the feeding sheeting of vorticity to the tip
vortex. Therefore, for the ap side-edge, at xf=cf = 0.25 the pressure side actuator was
implemented with the aim of weakening the shear layer originating from the pressure side
of the ap. Then, as the vortex convected downstream, it was envisaged that the pressure
side DBD actuator would continue to weaken the shear layer feeding the primary tip
vortex. The suction side DBD actuator was implemented on the ap side-edge with theChapter 5 Active Control of Vortex Flow Fields 110
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Figure 5.13: Schematic of potential acoustic sources across ap side-edge described
by Angland [74]
aim of achieving the same eect as reported in the symmetric wing research, which was
the diusion of the primary tip vortex. By diusing the tip vortex, it was hypothesised
that the strength of the noise sources as shown in Figure 5.13 would be reduced.
Measurements with control applied were acquired at two angles of attack (4 and 10
degrees) and at three Reynolds numbers (2.2, 3.3 and 4:4105). However, in comparing
the vorticity contour plots of the baseline case to the control case for the congurations
tested, such as that shown in Figure 5.14, no clear dierences were visible in the ow
elds. Furthermore, for both angles of attack no DBD generated vortices were visible
in the vorticity contours. Tests at a Reynolds number of 0:4  105, xf=cf = 0.5,  =
4 degrees showed that no DBD generated vortices were present. This is in line with
the observations made in the symmetric wing study that, at high angles of attack, it is
dicult to discern any DBD generated vortices in the ow eld. At xf=cf = 0.7, several
velocity proles of the PIV data were extracted to further examine the ow elds presentChapter 5 Active Control of Vortex Flow Fields 111
without and with control applied. Figure 5.15(a) shows the non-dimensionalised vertical
velocity (w=U1) prole extracted from line A in Figure 5.14. The peaks in the velocity
prole in Figure 5.15(a) corresponded to the edge of the primary tip vortex. In general,
the velocity proles of the two cases were comparable, with no reduction in the peak
velocity values. The location at which the peak velocity values occurred was the same
for both the baseline and control cases. Therefore, the application of control did not
result in either a reduction or displacement in the primary tip vortex ow eld. By
examining the velocity prole extracted from the shear layer, the application of control
did not aect the shear layer ow from the pressure side of the wing (Figure 5.15(b)).
This was found to be the case across the range of angles of attack and Reynolds numbers
tested.
The implementation of the DBD actuator on the square ap side-edge did not have the
desired eect. Tests using control with air blown devices from the side-edge reported
that high jet velocities were needed to have a signicant discernible eect on the ap
side-edge ow eld. For example, Koop et al. [86] who tested at a Reynolds numbers
comparable to the maximum one used in this research, observed an eect on the ap
side-edge ow eld at jet velocities from 15 ms 1. This jet velocity equated to a Ui=U1 of
0.75, compared to Ui=U1 = 0.15 achieved with the DBD actuator. Furthermore, Koop
et al. [86] tested with jet velocities up to 60 ms 1, which corresponded to a Ui=U1 of 3.
Hutcheson and Stead [85] and Hutchenson and Brooks [152] conducted tests at Reynolds
number an order of magnitude greater than that tested in the research presented herein
and the authors reported that jet velocities from 38 ms 1, Ui=U1 = 0.65, were needed
to favourably alter the ap side-edge ow eld. The authors reported that signicant
eects of air blowing on the ap side-edge ow eld occurred at jet velocities at 60
ms 1, a Ui=U1  1. The jet velocities tested by Koop et al. [86], Hutcheson and
Stead [85], and Hutchenson and Brooks [152] are signicantly higher than the current
achievable induced velocities of DBD actuators. Based on the results obtained in this
section and on the air blown values used in the literature, the argument is put forth
that the control of the authority of the DBD actuator is insucient for the application
of ap side-edge ow control. The symmetric wing experiment revealed positive results
and several key ndings but with a wing in landing conguration, the ap side-edge
experiment ultimately did not yield the same positive conclusions.Chapter 5 Active Control of Vortex Flow Fields 112
Baseline Control
(a) xf=cf = 0.25 (b) xf=cf = 0.25
(c) xf=cf = 0.5 (d) xf=cf = 0.5
(e) xf=cf = 0.7 (f) xf=cf = 0.7
Figure 5.14: Non-dimensionalised axial vorticity contour plots without and with con-
trol applied at  = 4 degrees. Re = 2:2  105. E = 7.5 kV, Ui = 3 ms 1.Chapter 5 Active Control of Vortex Flow Fields 113
(a) w=U1 (b) v=U1
Figure 5.15: Velocity proles without and with control. Re = 2:2  105, xf=cf =
0.7,  = 4 degrees. E = 7.5 kV, Ui = 3 ms 1. Data for (a) and (b) were respectively
extracted from lines A and B in Figures 5.14(e) and 5.14(f).
5.3 Summary
A study into the capability of a DBD actuator conguration to control a vortex ow
eld has been conducted using a round tip symmetric wing. Three actuators were placed
around the tip of the wing, the direction of induced velocity was opposite in sense to
that of the on-coming cross-stream ow. From this research the following conclusions
were reached:
 Through its interaction with the oncoming ow, the application of control led
to the generation of streamwise longitudinal vortices. The size and strength of
these DBD actuator generated vortices increased with the induced velocity of the
actuator.
 On-surface PIV measurements at angles of attack of 2 and 6 degrees revealed that,
upon the application of control, the high vorticity region that was present above
the suction surface in the baseline case increased in area.
 Downstream of the wing, for angles of attack below 12 degrees, a more diused tip
vortex was present when the DBD actuator was switched on. The main mechanism
behind this diusion was proposed as being due to the interaction between the
suction side DBD generated and primary tip vortex ow elds.Chapter 5 Active Control of Vortex Flow Fields 114
 Increasing the induced velocity led to a greater increase in vortex size and a larger
reduction in the peak tangential velocity.
 The performance of the actuator, regarding the increase in size and reduction
in peak tangential velocity, was a strong function of angle of attack but a weak
function of Reynolds number.
 From the acoustic measurements, for the untripped case, at relatively low Reynolds
numbers (Re  2.8  105) and low angles of attack (  8 degrees), the application
of control with the DBD actuator was observed to have a positive eect on reducing
the broadband content of the noise feature. It was concluded that the pressure
side actuator acted as a local trip reducing the magnitude of the broadband hump.
Following the results of the symmetric wing research, an experimental investigation has
been conducted into the active control with DBD actuators of a ap side-edge vortex
ow eld. Pressure side and suction side mounted DBD actuators were installed on the
side-edge of a semi-span ap. A three-element model that was representative of a wing
in landing conguration (deployed slat and ap) was tested. However, it was concluded
that the DBD actuator had no discernible eect on the ow eld due to its momentum
addition being too low to alter the formation of the ap side-edge vortex. This research
demonstrated the capability of the DBD actuator conguration to control a symmetric
wing tip vortex ow eld. However, further work is needed if plasma actuators are to be
utilised to control the ap side-edge ow eld of a wing in landing conguration where
the side-edge vortex is much stronger.Chapter 6
Slat Tonal Noise Control
The attenuation of the leading-edge component of high-lift device noise has been investi-
gated. Specically, experiments were conducted into the attenuation of slat tonal noise
containing broadband content with DBD actuators. Both open-loop and closed-loop
forms of control with the actuator were implemented. In this chapter, an outline of the
baseline tonal acoustic features of the experimental work is presented. Then, the eect
of open-loop control with a DBD actuator on slat tonal noise is examined. Subsequently,
the development of a closed-loop control method for the attenuation of slat noise is dis-
cussed. Finally, the main ndings of this chapter are summarised. Parts of this work
have been published as a conference paper [2] and a journal paper [3].
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6.1 Introduction
Chapters 4 and 5 focused on the trailing-edge ap component of the high-lift device
system. An important component of the high-lift system is the leading-edge slat. The
work presented in this chapter concerned the attenuation of the slat noise with a DBD
actuator. Although the slat itself does not account for a major portion of the lift
augmentation, it allows the main wing to operate eectively at higher angles of attack.
However, the deployment of this device leads to extra radiated noise. As discussed in
Chapter 2, slat noise is generally agreed to be broadband in nature and in some cases is
superimposed by tonal components.
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Figure 6.1: Potential mechanisms behind the generation of slat noise. Parts of this
image were modied from Choudari and Khorrami [90], and based on the results of
Chen [23].
Slat noise represents a complex aeroacoustic problem and the underlying mechanisms
governing its generation have been extensively explored over the past several decades [11].
Figure 6.1 demonstrates the potential noise sources in the slat ow eld. The regions in
the slat where the dominate noise sources originate are generally considered to be near
the slat trailing-edge and the slat cove. For example, experiments and computations
have shown that the source of broadband noise is linked to the unsteadiness in the slat
cove region [87, 93]. Wells [88] stated that this instability can grow to a point where
unsteady ow passes through the slat gap, which generates the sound. In Figure 6.1 theChapter 6 Slat Tonal Noise Control 117
interaction region is dened as the location at which the shear layer ow from the slat
cusp interacts with the ow convecting from the stagnation point. The ow from the
stagnation line has been described as intermittently changing its velocity direction and
magnitude [23]. Vortical structures can be intermittently generated in this interaction
region. These vortical structures then approach the slat cove surface and result in intense
pressure uctuations being generated. Subsequently, these intense pressure uctuations
near the reattachment region then led to intense pressure uctuations near the leading-
edge of the main element, forming a pressure dipole. The source of the broadband noise
is dependent on the formation of a recirculation region in the slat cove, which in turn
is dependent on the angle of attack of the wing. The free-stream velocity has been
reported as having a weak eect on the mean ow eld around the slat [23]. At low
angles of attack, a recirculation region does not form and so the slat noise levels are
low. At higher angles of attack ( > 6 degrees) vortical structures have been found to
be intermittently generated in the interaction region [23]. These vortical structures are
convected to the reattachment region and lead to high levels of slat noise. Increasing
the angle of attack further leads to a reduction in the size of the recirculation region
and a weakening in the interaction region. This reduction in the size of the recirculation
region lowers the pressure uctuations in the slat gap region. Consequently the slat
noise decreases at high angles of attack.
An example of the unsteady ow eld in the region of the slat can be seen in Figure 6.2,
which shows the RMS pressure (prms) computed by Chen [23] at two angles of attack.
The trailing-edge of the slat and the leading-edge of the main element were potential
strong sources of noise, as high levels of prms were present at these locations. From
Figure 6.2, slat noise was dependent on the angle of attack. The uctuations near the
leading-edge of the main element were much lower at an angle of attack of 12 degrees
compared to that of 8 degrees, indicating a reduction in noise strength. Figure 6.3 shows
an example of how the near eld pressure uctuations were radiated to the far eld. In
the far eld, high RMS pressure values appeared in the y-direction, while low values
appeared in the x-direction. When implementing control on the slat system the aim was
to reduce the near eld RMS pressure, which would lead to a reduction in the far eld
prms. From Equation 3.11, a reduction the far eld prms would correspond to a lowering
in the far eld sound pressure levels.
As discussed in Section 2.2.1.2, studies related to the active control of slat noise areChapter 6 Slat Tonal Noise Control 118
(a)  = 8 degrees
(b)  = 12 degrees
Figure 6.2: Comparison of computed RMS pressure (prms) at  = 8 and 12 degrees
and Re = 5.5  105 computed by Chen [23].
limited. In one of these studies, a signicant broadband noise reduction was achieved
when implementing air blowing on the suction surface at the slat trailing-edge [23]. At
a free-stream velocity of 25 ms 1, air blowing at 60 ms 1 led to an increase in the
mean velocity in the slat gap region. This increase in mean gap velocity resulted in the
recirculation region in the slat cove reducing, which then lowered pressure uctuations
in this region. However, given the current generation of DBD actuators, the control
authority of the DBD actuator was deemed inadequate to replicate the eect of the air
blowing device. An alternative control strategy was taken in the research conducted in
this chapter, wherein the implementation of the DBD actuator to attenuate slat tonalChapter 6 Slat Tonal Noise Control 119
Figure 6.3: Far eld RMS pressure at  = 8 and Re = 5.5  105 obtained computa-
tionally by Chen [23].
noise containing broadband content was examined.
Several possible sources of slat tonal noise in two dimensional scale models have been
identied [11]. Firstly, low frequency tonal noise due to coherent laminar ow separation
at the leading-edge of the slat has been identied. Second is the high frequency tonal
noise thought to be due to Tollmien-Schlichting boundary layer instabilities at the slat
suction side. The last proposed mechanism is that the tonal noise is generated by a
mechanism similar to that observed in the production of cavity tones. Several studies
have investigated the feedback control of cavity ow [153]. The proposed similarities
between the production of tones generated by a cavity and the tones generated by the
slat, was considered to make the attenuation of slat tonal noise a viable candidate for
feedback control. The implementation of a tripping device at the leading-edge of the
slat cusp has been shown to attenuate the low frequency tonal noise [11, 88]. However,
the use of such a passive device on an aircraft to remove the tonal noise would have
disadvantages such as increasing drag at cruise. Active devices such as blowing are
fragile and have installation and maintenance problems. The use of a DBD actuator to
attenuate the tonal noise is considered to be a viable alternative control method.
The implementation of a DBD actuator to attenuate slat noise was rst explored by
Chen [23]. Chen conducted tests using a two-element model comprised of a slat and
main element. Near and far eld acoustic data were acquired in an anechoic chamber
at a free-stream velocity of 25 ms 1, corresponding to a Reynolds number of 5.7  105Chapter 6 Slat Tonal Noise Control 120
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Figure 6.4: PIV visualisation around the slat at  = 4 degrees and Re = 3.4 105
obtained by Chen [23]. White circles indicate locations of vortices.
based on the main element chord, at an angle of attack of 4 degrees. Several tonal noise
features with broadband content were apparent in the slat noise spectrum. High speed
particle image velocimetry measurements allowed insight into the mechanism behind the
generation of these tonal noise features (Figure 6.4). The shedding of vorticity from the
slat cusp, which subsequently rolled up to form vortices through the Kelvin-Helmholtz
instability, corresponded to a tonal peak in the spectrum at a frequency of 4.5 kHz. A
second tone at f = 5.6 kHz was stated as corresponding to a standing wave between the
ends of the slat cusp and the stagnation line of the main element. The tonal features
with broadband content were successfully suppressed using a DBD actuator located
along the leading-edge of the slat. Chen stated that from a control perspective the DBD
actuator should be classied as high-frequency control, as the time scale of the body
force generated by the actuator was substantially shorter than slat tonal noise. For
closed-loop control, a quasi-static feedback control system was also developed wherein a
controller was responsible for calculating the control inputs in terms of feedback signals.
The experimental results showed that the feedback control method worked eectively to
suppress the slat tonal noise with broadband content.
Chen's [23] research focused on the identication and attenuation of slat tonal noise.
From his research, the main mechanisms behind the slat tonal noise features were identi-
ed. However, as the deployed ap was not included, Chen's work was not representative
of a typical landing conguration. Chen implemented the feedback control method at aChapter 6 Slat Tonal Noise Control 121
specic applied voltage and duty cycle range, no parametric study of the controller was
presented. Regarding the method of attenuating slat noise with a DBD actuator, the
research presented herein aimed at advancing the work conducted by Chen in several
specic areas. Firstly, the research demonstrated that tonal noise can be suppressed
with the wing in the landing conguration. Component interaction eects were not in-
vestigated, but several studies have shown that the deployment of a ap had a minimal
eect on the overall slat broadband noise [16, 97]. The novelty of this research was
not only in the geometry being tested, but also in the parametric study into open-loop
control. Furthermore, a new approach for slat feedback control was developed and the
control method was optimised.
6.2 Slat Tonal Noise
The experimental set-up for the acoustic measurements is shown in Figure 6.5. Near
eld measurements of the slat system were acquired with a Bruel & Kjaer 4948 micro-
phone mounted inside the slat cavity at the mid-span point. The microphone had a
sensitivity of 1.4 mV/Pa, a frequency range from 5 Hz to 20 kHz, and a dynamic range
of 55 to 160 dB. The signal from the microphone was acquired using a dSPACE system
and amplied using an amplier with an adjustable gain. The data was sampled at a
frequency (fsample) of 20 kHz, with a block size of 4096, and averaged over 120 blocks.
This gave a frequency resolution of f = 4.8 Hz. Due to boundary layer turbulence, a
potential problem can arise when acquiring near eld measurements from a microphone,
wherein the microphone is unable to discern between acoustic and aerodynamic pres-
sure. In general, aerodynamic pressure is much higher than acoustic pressure, which can
lead to error in the data obtained. Furthermore, if the aerodynamic pressure exceeds
the dynamic range of the microphone, then the device itself can be damaged. To avoid
this problem, the near eld microphone was recessed in a 5 mm cavity and covered with
a 3 mm thick section of sponge. Far eld acoustic data was acquired with an ECM8000
microphone was placed 1.8 m away from the leading-edge of the main element at an
angle of 10 degrees (Figure 6.5). Data was sampled using the same parameters as those
dened in the near eld measurements; fsample = 20 kHz, a block size of 4096 and 120
blocks.Chapter 6 Slat Tonal Noise Control 122
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Figure 6.5: Location of near and far eld microphones for slat experiment.
Between geometric angle of attacks ranging from 0 to 6 degrees several tonal features
with broadband content were present in the far eld spectra (Figure 6.6). In accordance
with previously reported trends [11, 23], at higher angles of attack the tonal features
with broadband content were no longer apparent in the slat spectrum. It has shown that
as the angle of attack of the wing increases, the intensity of the vorticity in the wake
of the slat cusp decreases [23] resulting in the attenuation of tonal noise. Experimental
results [11, 23, 88] showed that low frequency tonal noise could be attenuated, or even
eliminated, by tripping the ow at the leading-edge of the slat. In the present research,
a strip with a thickness of 0.5 mm was mounted at positions A, B, C, D shown in Figure
6.8. The tonal noise features with broadband content were only suppressed when the
strip was positioned at location A. Meaning that the slat tonal noise was closely linked to
the ow within the vicinity of the slat cusp. Several past studies have shown that tonal
noise could be suppressed by applying a tripping device to the slat cusp [11, 23, 88]. Wells
[88] observed that tripping the ow at the slat cusp increased the vorticity contained
in the shear layer, but reduced the formation of discrete vortices. However, the use of
such a passive device on an aircraft to remove the tonal noise would have disadvantages
such as increasing drag at cruise [88]. Active devices such as air blowing are fragile
and have installation and maintenance problems. The research presented in this chapter
examined the use of a DBD actuator to attenuate tonal noise.
The tonal features with broadband content were most prominent at an angle of attack
of 2 degrees. Therefore, the focus of the testing was at an angle of attack of 2 degrees.Chapter 6 Slat Tonal Noise Control 123
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Figure 6.6: Far eld sound pressure levels obtained at several angles of attack. Re =
5:5  105.
Figure 6.7 shows the sound pressure level (SPL) of the slat noise in the far eld at  =
2 degrees, Re = 5.5  105. The SPL decreased gradually between frequencies from 0.2
to 1 kHz. Between f = 1 to 4 kHz, several tonal features with broadband content were
apparent in the slat noise spectrum. Two obvious peaks, which corresponded to two
intense tones with broadband content, were visible at frequencies of 4.3 and 5.3 kHz.
The mechanism of these tones have been described by Chen [23]. The dominate tone
related to the shedding of vorticity from the slat cusp, which subsequently rolled up to
form vortices through the Kelvin-Helmholtz instability. The second tone corresponded
to a standing wave between the ends of the slat cusp and the stagnation line of the main
element. The next section investigates the suppression of these tonal features with a
DBD actuator.
6.3 Open-Loop Control
Acoustic control of a slat system is undertaken with the aim of achieving a reduction in
the far eld noise levels. In the research presented in this section, an open-loop control
method was developed to achieve this aim with a DBD actuator. The control system
was designed with the aim of making it feasible to implement on a real aircraft, which
required careful consideration of both the control input and output. The far eld RMSChapter 6 Slat Tonal Noise Control 124
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Figure 6.7: Slat baseline far eld sound pressure levels. Two distinct tonal features
with broadband content have been labeled peak 1 and 2 respectively. Re = 5.5  105,
 = 2 degrees.
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Figure 6.8: Noise source localisation with a strip (thickness of 0.5 mm and a width
of 10 mm) mounted at several positions across the slat.
pressure was rstly considered as the control output. However, for an approaching air-
craft, the use of the far eld prms as a control output would present multiple challenges,
including the acquisition and transmission of the microphone signal from the ground to
the approaching aircraft in real-time. Rather than acquiring data in the far eld, an
alternative is to measure the near eld RMS pressure. A reduction in the near eld
source strength would lead to a corresponding reduction in the far eld noise levels,
which makes the near eld prms a good candidate for the tracking variable. The near
eld RMS pressure was designated the control output and measured by the Bruel &
Kjaer 4948 microphone, which was installed inside the slat cavity. The regulation of the
DBD actuator's strength could be achieved either through the alteration of the dutyChapter 6 Slat Tonal Noise Control 125
cycle of the driving signal or the DC voltage. The approach taken in this research was
to dene the duty cycle as the control input and use the pulse width modulation in the
Simulink model to modulate this variable. The structure of the open-loop control model
is shown in Figure 6.9.
Figure 6.9: Open-loop control of slat noise with a DBD actuator.
Following on from the results obtained with the 0.5 mm thick strip, a DBD actuator
was ush mounted at position A as shown in Figure 6.8. The aim was to investigate
whether the slat tonal features with broadband content could be suppressed with a
DBD actuator. Figure 6.10 illustrates how open-loop control with the DBD actuator
was implemented in the experiment. The hardware consisted of a PC with a DS1104
dSPACE system, the plasma power supply, and the near eld microphone. The PC and
dSPACE were operated in real-time calculating control inputs through the integration
of Matlab/Simulink and dSPACE ControlDesk. Both the analogue-to-digital conversion
(A/D) and pulse width modulation (PWM) were performed using the dSPACE hard-
ware. The strength of the DBD actuator was regulated by varying the duty cycle of the
driving signal.
Figure 6.10: Main instruments used in open-loop control.
Upon the application of open-loop control with a DBD actuator, Figure 6.11 demon-
strates that a signicant noise reduction in the far eld was obtained. Attenuation ofChapter 6 Slat Tonal Noise Control 126
the slat noise was observed between a frequency range from 1 to 6 kHz, along with a 23.4
dB reduction in the dominant tone. The peak at f = 6.1 kHz generated by the DBD
actuator was regarded as the rst subharmonic of the DBD actuator's driving signal
[127]. The amplitude of the plasma actuator tone increased with increasing actuation
voltage. Based on the frequency range across which the actuator had an eect, a band-
pass lter (Barr and Stroud EF3) was used to restrict the frequency range of the near
eld microphone to between 0.8 and 6 kHz. Taking this approach ensured, in the rst
place, that the tonal features that could be attenuated were measured. Furthermore,
the parts of the spectrum that could not be attenuated by the actuator were removed.
Finally, the near eld tone caused by the plasma actuator was ltered. From Figure
6.12, doing so greatly improved the resolution of the actuator's eect on the near eld
signal, an important requirement for the feedback control portion of the study.
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Figure 6.11: Impact of open-loop control with a DBD actuator on far eld slat noise.
Re = 5.5  105,  = 2 degrees. E = 5.5 kV, duty cycle = 40%.
As RMS pressure (prms) measured from the near eld microphone was the control output,
in the open-loop control portion of the work the near eld dependency of RMS pressure
on both duty cycle and actuation voltage was examined. From Figure 6.13(a) it can
be concluded that an increase in either of these variables resulted in a lower value of
the near eld RMS pressure, although past a duty cycle of 15%, the prms was highly
dependent on actuation voltage. Figure 6.13(b) shows the relationship between supplied
power and duty cycle. In this case, supplied power has been dened as equalling the
input power to the transformer. In Figure 6.13(b), the largest change in prms occurred
between a supplied power of 0 to 6 W and this was independent of actuation voltage.Chapter 6 Slat Tonal Noise Control 127
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Figure 6.12: Comparison of ltered and unltered output voltage signal of the near
eld microphone. Re = 5.5  105,  = 2 degrees. E = 5.5 kV, duty cycle = 40%.
It would appear that 6 W represented the minimum supplied power needed in order for
the actuator to have any signicant eect on the near eld prms. Between a duty cycle
range of 5 to 30%, an approximately linear relationship between supplied power and
duty cycle was observed (Figure 6.14). Therefore, within this duty cycle range, for a
given operation time, a lowering of the mean duty cycle of the actuator would eectively
represent a reduction in the electrical energy supplied to the actuator. This result was
important for the feedback control portion of the study.
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Figure 6.13: Near eld variation in RMS pressure (prms) with duty cycle and supplied
power.
From Figures 6.13(a), increasing the actuation voltage resulted in an increase in the
duty cycle value across which signicant reductions in prms were obtained. For example
at 5.5 kV a 5% reduction in the near eld prms was obtained when increasing the duty
cycle from 15 to 40%. This 5% reduction required a 85% increase in supplied power. AtChapter 6 Slat Tonal Noise Control 128
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Figure 6.14: Relationship between duty cycle and supplied power.
10 kV a 28% reduction in the prms was obtained when increasing the duty cycle from
15 to 40%, although this was accompanied by a 80% increase in supplied power. When
comparing the results at a duty cycle of 40% and an actuation voltage of 10 kV to that
obtained at 5.5 kV with a duty cycle of 15%, the prms was approximately 35% lower for
the 10 kV case. However, this 35% reduction required 230% more power. A trade o
existed between the performance and supplied power.
The reduction in the near eld RMS pressure with increasing duty cycle corresponded
to the stronger attenuation of slat noise in the far eld. For example, Figure 6.15 shows
that an increase in duty cycle resulted in a reduction in the tonal noise features with
broadband content in the far eld. Examining the far eld results in Figure 6.15 further,
steady actuation applied at a duty cycle of 5% led to a minor reduction in the tonal
noise features with broadband content. An increase in the duty cycle to 15% resulted
in the signicant attenuation of the slat noise. When increasing the duty cycle from 15
to 40%, only a minor reduction in the tonal features occurred. Application of open-loop
control at duty cycles of 5, 15, and 40% respectively corresponded to decreases in the
OASPL of 0.7, 10.8, and 11.7 dB relatively to the baseline OASPL. Relating this result
to the induced velocity of the actuator, the induced velocity (Ui) of the DBD actuator
increased with duty cycle (Figure 6.16). As was observed with the OASPL, a relatively
large change in Ui occurred between a duty cycle of 5 to 15%. Between a duty cycle of
15 to 40% the dierence in Ui was signicant, unlike the far eld OASPL in which only
a minor variation occurred. Therefore, the ability of the actuator to attenuate the slat
noise was not directly proportional to the induced velocity of the DBD actuator.Chapter 6 Slat Tonal Noise Control 129
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Figure 6.15: Variation in far eld SPL with duty cycle of actuator in open-loop
control. Re = 5.5  105,  = 2 degrees. E = 5.5 kV.
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Figure 6.16: Relationship between the duty cycle and induced velocity of the DBD
actuator. E = 5.5 kV.
6.4 Closed-Loop Control
Open-loop control with a DBD actuator was found to reduce the slat noise. However,
in some cases there is a need for a trade-o between the noise reduction and the power
consumption. In addition, the system needs to be able to remain stable under various
external disturbances. Under these circumstances, a feedback control system would be
more suitable than that of open-loop. Furthermore, the benet in using closed loop
control could be in the improved durability it oers as the actuator would not be at
constant peak operation. Closed-loop control implies a feedback loop where some ow
quantity is directly measured or estimated and fed back to modify the control signal
[154]. Feedback control has several advantages over its open-loop counterpart, includingChapter 6 Slat Tonal Noise Control 130
being more robust and adaptive to external environmental changes. Cattafesta et al.
[154] classied feedback controllers into two categories, quasi-static and dynamic. Quasi-
static controllers are dened as those whose frequency of excitation is much longer than
the frequency of the plant oscillation. Dynamic controllers are those whose frequency of
excitation is comparable to the frequency of the plant oscillation.
Several limitations of the DBD actuator prevented the investigation of a dynamic con-
troller in this instance [23]. For example, the eciency of the DBD actuator is dependent
on the driving frequency. Adjusting the driving frequency of the actuator to comparable
levels of the slat tonal features with broadband content would have reduced the eciency
of the actuator. A further consideration was the harmonic and sub-harmonic tones gen-
erated by the DBD actuator. If the driving frequency of the actuator was comparable to
the dominant tone, separating the slat noise from the DBD actuator noise would have
become dicult. Therefore, a quasi-static feedback controller was implemented and the
driving frequency of the actuator was such that it avoided the frequency range of the
measured slat noise.
Although the complex processes associated with the generation of slat noise was dis-
cussed in the literature, its exact mechanisms are still being investigated. Due to the
absence of understanding into the underlying processes, the proportional integral deriva-
tive (PID) controller was considered to be a good candidate for the controller, as this
controller has been widely viewed to be one of the best to adopt under such circum-
stances. Several iterations of the controller were considered, including PI and P (refer
to Appendix B for details). The addition of a ramp signal to the P-controller was in-
vestigated that aimed at smoothing transition from the baseline RMS pressure to the
target RMS pressure, with the aim of reducing the power consumption of the actua-
tor power supply. However, this approach of smoothing the transition impacted the
actuators ability to attenuate noise, and eectively introduced a lag into the system.
The initial faster response time of the P-controller resulted in better performance. As
discussed previously, over a certain duty cycle range a linear relationship between the
control input (duty cycle) and output (prms) was found. Therefore, based on this linear
relationship and with the aim of controlling the number of dependent variables in the
parametric study, the P-controller was implemented (Figure 6.17).
The P-controller calculates an error value between the dierence of the signal and the setChapter 6 Slat Tonal Noise Control 131
Figure 6.17: Closed-loop P-controller.
point value, in this instance the set point was the target RMS pressure of the near eld
microphone. The controller then attempted to minimise this error. The proportional
term makes adjustment by multiplying the current error signal by the proportional gain
constant. If the gain is too low the output will be small and the response of the system
will be slow or less sensitive [155]. The implementation of the feedback controller is
shown in Figure 6.18. The Simulink model is shown in Figure 6.19. From the open-
loop control results, and with the aim of minimising supplied power while maximising
performance of the actuator as well as minimising the amplitude of the plasma induced
tone, the parameters of the proportional controller, or P-controller, were dened as an
actuation voltage of 5.5 kV and a duty cycle range of 0 to 15%.
Figure 6.18: Main instruments used in closed-loop control.
6.4.1 Set point value
A parametric study of the P-controller was conducted by varying the set point (SP),
time step (T), gain (Kp), and duty cycle range. The set point value was dened as
being the controller's target output RMS pressure. When varying the set point value,
the other parameters remained xed (T = 0.1 s, Kp = -80, and duty cycle range of 0 to
15%). An examination of the far eld OASPL levels (Figure 6.20) showed an increase in
the set point value led to the augmentation of the slat noise. For example, at set point
values of 0 and 0.38 Pa, mean duty cycles of 14 and 9% were calculated respectively. AChapter 6 Slat Tonal Noise Control 132
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Figure 6.19: Closed-loop P-controller implemented using the Simulink tools of Matlab
and dSPACE system.
lower mean duty cycle corresponded to a lowering in the performance of the controller
to attenuate the slat noise.
6.4.2 Proportional gain
From Figure 6.21, a signicant reduction in OASPL occurred upon lowering the propor-
tional gain from -5 to -60. The results between Kp = -60 and -100 were comparable. As
was deduced in the set point value study, the key result was the impact that the change
in gain had on the mean duty cycle. Table 6.1 shows a decrease proportional gain from
-5 to -60 resulted in the mean duty cycle increasing. This result was speculated as being
due to the lowering of the response time of the controller. The variation in mean duty
cycle between a gain of -60 and -100 was small, however based on the mean duty cycle
values the decision was made to set the default Kp value of the P-controller to - 60.
Table 6.1: Proportional gain and corresponding mean duty cycle of P-controller.
Kp Mean duty cycle (%)
-5 7.0
-20 11.0
-60 13.5
-80 14.0
-100 14.0Chapter 6 Slat Tonal Noise Control 133
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Figure 6.20: Impact of varying the set point value of the P-controller on the far eld
OASPL. Circular data point is uncontrolled case. Square data points are controlled
cases. P-controller settings: Kp = -80, T = 0:1 s, and duty cycle range of 0 to 15%.
Re = 5:5  105,  = 2 degrees.
−120 −100 −80 −60 −40 −20 0
70
72
74
76
78
80
Kp
O
A
S
P
L
(
d
B
)
Figure 6.21: Variation in far eld OASPL when altering the proportional gain of P-
controller. Circular data point is uncontrolled case. Square data points are controlled
cases. P-controller settings: SP = 0 Pa, T = 0.1 s, and duty cycle range of 0 to 15%.
Re = 5.5  105,  = 2 degrees.
6.4.3 Time step
The use of RMS pressure as the control output and the dependency on the accuracy
of calculating the RMS on the sample length time (Figure 6.22), restricted the possible
time step range. It was found that lowering the time step had a minor impact on
the controller's ability to attenuate the slat noise (Figure 6.23). Correspondingly, the
variation in mean duty cycle was minimal (Table 6.2). A longer sample length improved
the accuracy with which the RMS value could be calculated, but lowered the response
time of the controller. Thus a compromise was needed and based on the results presented,
a time step of 0.2 s with its close approximation to that of the converged RMS pressure
combined with the lower mean duty cycle was chosen.
Of the three parameters investigated it can be concluded that the time step had the leastChapter 6 Slat Tonal Noise Control 134
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Figure 6.22: Example of time segment over which RMS pressure in the near eld was
calculated.
Table 6.2: Time step and corresponding mean duty cycle of P-controller.
Time step (s) Mean duty cycle (%)
0.1 14.0
0.2 13.6
0.5 13.5
1 13.6
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Figure 6.23: Time step and corresponding far eld OASPL. P-controller settings:
SP = 0 Pa, Kp =  60, and duty cycle range of 0 to 15%. Re = 5.5  105,  = 2
degrees.
eect regarding the performance of the P-controller. For example, from Figures 6.20 to
6.23, the variation in the far eld OASPL levels, when varying the time step, was minimal
compared to those observed when altering either the set point value or the proportional
gain. Varying either the set point value or proportional gain of the controller had a large
eect on the mean duty cycle value. On the contrary, the variation in mean duty cycle
was minimal when changing the time step. Therefore, the key parameter determining theChapter 6 Slat Tonal Noise Control 135
performance of the controller was not the frequency of the controller but the duty cycle.
Indeed, every time the duty cycle decreased below 15%, the RMS pressure increased
signicantly. This trend is in keeping with the open-loop control results reported in
Section 6.3, wherein it was observed that for an actuation voltage of 5.5 kV, a minimum
duty cycle of 10% was needed in order for the controller to have any signicant eect
on the RMS pressure. The current setting of the P-controller was such that the duty
cycle could drop below the minimum value needed to suppress the slat noise features.
As soon as the duty cycle dropped below this threshold, the slat noise was reintroduced.
6.4.4 Duty cycle
Considering the results presented so far, it was proposed that the minimum duty cycle
should be increased. With the control parameters to T = 0.2 s, SP = 0 Pa, and
Kp =  60, the minimum duty cycle was increased from 0 to 10%. It was found that a
duty cycle range from 10 to 15% resulted in the stronger attenuation of the slat noise,
compared to that obtained for a duty cycle range from 0 to 15%. For example, the
OASPL was 67.8 dB for the duty cycle range from 10 to 15%, compared to an OASPL
of 69.5 dB for the duty cycle range from 0 to 15%. Removing the ability of the controller
to drop below a duty cycle of 10% greatly improved the performance of the P-controller.
Therefore, a duty cycle range of 10 to 15% was set as the default.
A comparable level of performance, with regards to the attenuation of slat noise, was
obtained for both the P-controller and open-loop control. Indeed, the open-loop control
case at a mean duty cycle of 14.2% had an OASPL of 67 dB compared to 67.8 dB
for the feedback controller. Therefore, the P-controller oered comparable levels of
performance, regarding the attenuation of slat noise, as that obtained with open-loop
control. Furthermore, the results presented make clear that a trade-o exists between
the energy supplied to the DBD actuator and the attenuation of slat noise, regardless
of the control method employed.
6.5 Summary
An experimental investigation was conducted into the attenuation of slat noise with a
DBD actuator. To represent the landing conguration, a three-element congurationChapter 6 Slat Tonal Noise Control 136
model was used. Tests were conducted at a Reynolds number of 5.5  105, based on the
main element chord, with the ow untripped. To attenuate the slat noise, and based on
preliminary tests with a passive device, the DBD actuator was applied to the leading-
edge of a slat. The performance of both open-loop and closed-loop forms of control
were examined using near and far eld acoustic measurements obtained in an anechoic
chamber.
At an angle of attack of 2 degrees, several tonal features with broadband content were
present in the far eld spectrum between 0.9 and 8.5 kHz. Upon applying open-loop
control with the DBD actuator, a 23.4 dB reduction was obtained in the dominant
tone. For the closed-loop control, a quasi-static proportional feedback controller was
implemented. A parametric study of the controller found a set point value of 0 Pa, time
step of 0.2 s, proportional gain of -60 and a duty cycle range of 10 to 15% to provide
the best performance with regards to the attenuation of slat noise.Chapter 7
Conclusions
In this chapter the main ndings of the research are summarised. Firstly, conclusions
regarding the application of DBD actuators for the control of a symmetric wing and ap
side-edge ow elds are discussed. Following this, conclusions regarding the implemen-
tation of a DBD actuator to attenuate slat tonal noise are presented. Finally, several
recommendations for future work are proposed.
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7.1 Summary
The aim of this research was to examine the capability of a dielectric barrier discharge
actuator to control the high-lift device system. The high-lift device system is comprised
of the leading-edge slat and trailing-edge ap. The vortex system present on the ap
side-edge has been described as being a strong source of noise. Slat noise has been found
to be broadband in nature, but has been shown to contain tonal noise components. It
was hypothesised that dielectric barrier discharge (DBD) actuators could be applied to
the slat and ap to favourable alter their respective characteristics. To investigate this
hypothesis three experiments were conducted, referred to as the symmetric wing, ap
side-edge and slat experiments.
7.2 Control of Tip Vortex Flow Fields
The rst aim of this research was to investigate whether the favourable eect of weak-
ening and/or displacing the ap side-edge vortex could be achieved with a dielectric
barrier discharge actuator. The sparse knowledge related to the control of a vortex ow
eld with a DBD actuator necessitated a more fundamental study to be conducted. In
this fundamental study, referred to as the symmetric wing research, a DBD actuator
conguration was installed on a round tip low-aspect ratio NACA 0015 wing.
7.2.1 Wing tip vortex control
A variety of experimental techniques were utilised in the symmetric wing experiment to
gain insight in the ow eld and far eld acoustic properties of the baseline case. The
same experimental techniques were then used to investigate the eect of control. A round
tip NACA 0015 wing with a semi-span of 0.31 m and chord 0.285 m was used during the
symmetric wing experiment. The Reynolds number range tested, based on the reference
chord, was 0.38 to 4.7  105. The angle of attack () ranged from 0 to 14 degrees. From
oil ow visualisation, the ow structures present on the wing were identied, namely
regions of transition and separation. The near eld evolution and development of the
symmetric wing vortex was examined with particle image velocimetry (PIV). Far eldChapter 7 Conclusions 139
acoustic measurements were acquired in an anechoic chamber. The conclusion drawn
from the baseline results were as follows:
 The tip vortex evolved from the rolling up of the ow from the pressure side of the
wing tip. Firstly, the boundary layer from the pressure side of the wing advanced
around the round tip. Then, separation of the ow occurred as a consequence
of the adverse pressure gradient that existed between the suction and pressure
sides of the wing. This separated ow eld then rolled up to eventually form
the tip vortex. The rolling up process occurred rapidly, by a non-dimensionalised
streamwise distance (x=c) of 0.5 a tip vortex was present.
 The vortex radius was a strong function of the angle of attack but a weak function
of Reynolds number. When increasing the angle of attack, the vortex became
signicantly larger due to the rolling up of a thicker shear layer.
 The non-dimensionalised strength of the vortex was dependent on both the angle of
attack and Reynolds number. As a consequence of the greater lift when increasing
either the angle of attack or free-stream velocity, the data conrms that the vortex
strength increased.
When implementing active control, three actuators were placed around the round tip
of the symmetric wing. The direction of induced velocity was opposite in sense to
that of the on-coming cross-stream ow. Utilising the same measurement techniques as
described previously, the following conclusions were reached:
 Through its interaction with the oncoming ow, the application of control led
to the generation of streamwise longitudinal vortices. The size and strength of
these DBD actuator generated vortices increased with the induced velocity of the
actuator.
 On-surface PIV measurements at x=c = -0.2 at angles of attack of 2 and 6 degrees
revealed that, upon the application of control, the high vorticity region that was
present above the suction surface in the baseline case increased in area.
 Downstream of the wing, for angles of attack below 12 degrees, a more diused tip
vortex was present when the DBD actuator was switched on. The main mechanismChapter 7 Conclusions 140
behind this diusion was proposed as being due to the interaction between the
suction side DBD generated and primary tip vortex ow elds.
 Increasing the induced velocity of the actuator led to a greater increase in vortex
size and a larger reduction in the peak tangential velocity.
 The performance of the actuator, regarding the increase in size and reduction in
peak tangential velocity of the tip vortex, was a strong function of angle of attack
but a weak function of Reynolds number.
Although a computational study [19] had been conducted prior to the research con-
ducted in this thesis, the experimental results of the research conducted herein were the
rst results for the particular conguration tested. From the experimental results, it was
concluded that the DBD actuator disrupted the formation of the vortex along the wing,
and resulted in a more diused vortex in the trailing wake. The primary contribution
of this research was knowledge gained from the parametric study of the actuator's per-
formance with both angle of attack and Reynolds number. Furthermore, the research
aided in advancing the understanding into the eect of the actuator conguration on
the vortex ow eld. Following the results of the symmetric wing research, an exper-
iment was conducted wherein a DBD actuator was installed on the ap side-edge of a
three-element model.
7.2.2 Flap side-edge ow eld control
An experimental investigation into the active control of a ap side-edge vortex ow eld
with a DBD actuator has been conducted with a three-element model. The respective
chords of the slat, main element, and ap were 0.08, 0.336, and 0.101 m. The slat and
ap deection angles were 30 and 40 degrees respectively. Tests were conducted between
a Reynolds number range of 0.4 to 4:4105 with a three-element model, which included
a deployed full-span slat and semi-span ap. From the baseline results, it was concluded
that:
 The ap side-edge ow eld consisted of a primary tip vortex. Once the ow from
the pressure side separated, a shear layer rolled up to form the primary tip vortex,Chapter 7 Conclusions 141
which entrained vorticity from the pressure side of the ap and the main element
wake.
 The square tip xed the separation point towards the leading-edge of the pressure
side of the ap.
 Increasing either the angle of attack or free-stream velocity resulted in the strength
of the vortex increasing, as a consequence of the associated increase in lift.
Following the baseline results, pressure side and suction side mounted actuators were
installed on the ap side-edge. The direction of induced velocity was opposite in sense to
that of the on-coming cross-stream ow. Upon applying control, there was no discernible
eect on the ow eld. It was considered that this was due to the addition of momentum
of the actuator being too low to destabilise the formation of the ap side-edge vortex.
7.3 Slat Tonal Noise Control
An experimental investigation was undertaken that aimed to demonstrate the ability
of a DBD actuator to attenuate slat noise with the wing in a high-lift conguration
(deployed slat and ap). Tests were conducted at a Reynolds number of 5.5  105,
based on the main element chord. A two-dimensional three-element model was used.
The geometry of the three-element model for the slat, main element, and ap were 0.08,
0.336, and 0.101 m respectively. The slat and ap deection angles were 30 and 40
degrees respectively.
 Several tonal features with broadband content were present in the far eld spec-
trum at an angle of attack of 2 degrees between 0.9 and 8.5 kHz. The mechanism
behind the dominant tonal feature related to the shedding of vorticity from the
slat cusp.
To attenuate the slat noise, and based on preliminary tests with a passive device, the
DBD actuator was applied to the leading-edge of a slat. The performance of both open-
loop and closed-loop forms of control were examined using near and far eld acoustic
measurements obtained in an anechoic chamber. The key conclusions made were as
follows:Chapter 7 Conclusions 142
 Suppression of the tonal noise was successfully achieved upon applying open-loop
control with the DBD actuator, a 23.4 dB reduction was obtained in the dominant
tone.
 For the closed-loop control, a quasi-static proportional feedback controller was
implemented. A parametric study of the controller found a set point value of 0 Pa,
time step of 0.2 s, proportional gain of -60 and a duty cycle range of 10 to 15% to
provide the best performance with regards to the attenuation of slat noise. The
results showed that the feedback control method worked eectively to suppress the
slat tonal noise with broadband content.
The slat research demonstrated that with the wing in landing conguration, the suppres-
sion of slat tonal noise with a DBD actuator was possible. Furthermore, a parametric
study of the open-loop control conducted in this research showed that the attenuation
of slat noise could be achieved at a relatively low induced velocity. Optimisation of
a closed-loop controller provided comparable levels of performance to that observed in
open-loop control.
7.4 Recommendations for Future Work
Further work still needs to be undertaken to advance the knowledge base related to the
three main areas of research conducted in this thesis.
7.4.1 Tip vortex
Although the PIV results showed a good resolution downstream of the symmetric wing,
the problem of surface reections limited the quality of the velocity eld across the
surface of the wing. An optical lter may be of help in future experiments. Alternatively,
computational simulations could be conducted to gain further insight into the interaction
between the DBD actuator and tip vortex ow elds. Optimisation of the actuator
conguration should be performed, including an examination into the placement, length,
and orientation of the DBD actuator. A fundamental study that details mechanisms
behind the formation of the DBD generated vortices should be conducted. This studyChapter 7 Conclusions 143
should also detail dependency of vortex generation on both angle of attack and free-
stream velocity. This would provide greater insight into the practical applications and
limitations of the DBD actuator for tip vortex control.
The vortex generated around the aircraft wing tip can result in hazardous eects to air-
craft ight [27, 28, 40{42]. Consequently, there is a minimum required distance between
aircraft taking o and approaching an airport [43]. One method of alleviating the risk of
the wake vortex hazard is to alter the near eld wake topology, to distribute circulation
over an increased area and reduce the consequent rolling moment on a following aircraft
encountering the wake [66]. The results of the research conducted herein showed that
the DBD actuator conguration operating in steady mode resulted in the presence of a
more diused tip vortex. The application of the conguration tested may have a positive
eect on ight safety, and should be explored further.
Given the scope of this research, questions regarding the operational aspect of the DBD
actuator, such as its application in humid or extreme weather conditions, were not
examined. Instead, it was envisaged that the work conducted would demonstrate the
potential of the plasma actuator for high-lift device noise control and promote further
research in this area. Unmanned air vehicles (UAV) could be used to demonstrate the
practical application of the DBD actuator, such a system is currently under development
[156].
7.4.2 Flap side-edge
Spanwise blowing with a DBD actuator on the ap side-edge did not have the desired
favourable eect. The main criteria for implementing plasma actuators on the ap side-
edge is the improvement in the control authority of the device. In this research, in order
to represent a wing in landing conguration, the ap deection angle was xed. Future
work should explore the dependency of the actuator's performance on the ap deection
angle. Alternative actuator congurations should also be explored. For example, several
studies have reported success with vertical air blown slots [85, 86] to control the ap
side-edge ow eld. Potentially plasma synthetic jets [157] could be installed along
the suction surface of the ap side-edge to weaken the vortex structure. Alternatively,
plasma synthetic jets installed along the tip could potentially displace the shear layer,Chapter 7 Conclusions 144
which advances from the pressure side of the ap, away from the solid surface of the ap
suction side.
7.4.3 Slat
The DBD actuator had a signicant eect on the tonal noise component, but only a
minor inuence on the broadband component of noise. Past studies have shown that
air blowing from the trailing edge of the slat can result in a reduction in the broadband
component of slat noise [23]. Providing that the control authority of the plasma actuator
is improved, the implementation of the device on the trailing edge of the slat should be
investigated.
Although outside the aims of the research conducted herein, an examination of the
component interaction eects between the slat and ap should be conducted. Several
acoustics studies have been conducted in the past [16, 97], however these were for very
specic geometries and the discussions were only based on acoustic data. Utilising PIV,
computational, and acoustic measurements a detailed parametric study of the depen-
dency of acoustic as well as aerodynamic properties of the respective devices would
provide quantitative as well as qualitative information. Furthermore, the above mea-
surement techniques would allow for further insight into the interaction between the
DBD actuator and slat ow elds.Appendix A
Computational Simulations
Aimed at determining an eective DBD actuator conguration to control a tip vor-
tex ow eld, preliminary steady RANS simulations were conducted. This appendix
is comprised of several sections. Firstly, the computational methodology is presented,
which includes descriptions of the ow solver, turbulence model and boundary condi-
tions. Then, the computational grid is discussed. Finally, the preliminary results are
examined.
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A.1 Introduction
The starting point of this research was a preliminary experiment in which PIV mea-
surements were acquired of DBD actuator congurations installed on round and blunt
tips of a NACA 0015 wing. The DBD actuator congurations tested were guided by
the results of Margaris and Gursul[33], who investigated the use of synthetic jets for tip
vortex control. This initial test suered from a variety of drawbacks, such as a poorly
designed experimental model, and the lessons learnt were carried forward. Despite these
problems, for both geometries, it was observed that the application of control lowered
the core vorticity of the tip vortex. The best performance of the actuator, with re-
gards to a lowering of the core vorticity, was obtained for the round tip case. These
preliminary positive observations led to the decision to conduct further tests. Due to
the \cleaner and more concentrated vortex" ow eld [57], the round tip geometry was
considered to be a better candidate for active control with a DBD actuator. A second
set of experiments were planned and the decision was made to focus solely on the round
tip geometry. Before the second experiment, to further aid in the decision on the DBD
actuator conguration to test further, computational studies of several actuator cong-
urations were conducted. As the preliminary computations were nearing completion,
Boesch et al. [19] published their work, although their research was geared more to the
use of plasma actuators for ight control. Moreover, as the objectives of the research
presented herein were markedly dierent, there was still room to produce original work.
A.2 Governing Equations
The equations solved were the steady incompressible Navier-Stokes equations. Reynolds-
averaging, a technique used to derive the equations that govern the mean ow variables,
was applied to the Navier-Stokes equations (Equations A.1 - A.2). This involved decom-
posing the instantaneous ow quantities into the sum of two parts; the ensemble-averaged
and uctuating e.g. ui = u + u
0
i. Averaging was then performed over all the turbulent
length scales.
@ ui
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When compared to the instantaneous Navier-Stokes equations, the additional term
present is the Reynolds stress tensor (u0
iu0
j). The Boussinesq approximation was used
to relate the Reynolds stresses to the mean velocity gradients. The approximation is
that the Reynolds stress tensor, ij, is proportional to the trace-less mean strain rate
tensor, S
ij, which can be written as follows:
 ij = ( + t)

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where t is the eddy viscosity and for incompressible ow
@ uk
@xk = 0.
In order to close the RANS equations, the Spalart-Allmaras (SA) one equation eddy-
viscosity model was used. Several previous studies had used this model [25, 58]. The SA
model is relatively simple, compared to other models, and solves a transport equation
for the modied eddy viscosity (e ). The transport of e  is described by.
@~ 
@t + r  (~ V ) = Cb1[1   ft2]~ S~  + 1


r  [( + ~ )r~ ] + Cb2jrj2
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2 ft2
i  ~ 
d
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The modied turbulent viscosity is related to the eddy viscosity (t) by:
t = ~ fv1; (A.5)
The left hand side of Equation A.4 accounts for the convection of e  at the mean ow
velocity. The rst term on the right hand side represents production, which is then
respectively followed by diusion and destruction terms. In Section A.6 the various
functions and constants in the SA model are given. In the original SA model, the
production term was proportional to the magnitude of vorticity. A simple modication
in the production term can be made as follows [15, 36]:
S = j
ijj + Cprodmin(0;jSijj   j
ijj); (A.6)Appendix A Computational Simulations 148
where j
ijj is the magnitude of vorticity, Cprod = 2 and jSijj is the magnitude of the
strain tensor.
In vortex core ows, the turbulence is known to be suppressed where the ow is subject
to pure rotation. The default production term has been found to over-predict the eddy
viscosity in the vortex core region. As such, the modied production term was used in
the simulations.
A.3 Solver
A cell centred nite volume discretisation code (Ansys Fluent v12) was used. The gov-
erning equations were solved with a pressure-based segregated solver. The discretisation
scheme for pressure, momentum, and modied turbulent viscosity was second order. The
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm enforced mass
conservation and resolved the pressure eld. Computations were performed on a Linux
cluster (Iridis 3). The computational grid was divided into various sub-domains, which
were then solved simultaneously using multiple computer nodes. The grid was automat-
ically partitioned into equal partition sizes. Convergence was determined by monitoring
global values, like lift and drag, and also pressure monitors around the vortex.
A.4 Grid Generation
A three-dimensional grid was created for the second-order CFD solution. The geometry
consisted of a NACA 0015 round tip wing at an angle of attack of 6 degrees with same
dimensions as that used in the experiment, which was discussed in Chapter 3. Regarding
the computational domains, the inlet had to be far enough away from the wing such
that the circulation of the wing had no eect on the inlet-ow. The downstream domain
needed to be at a sucient distance to allow the ow to reach atmospheric pressure. The
nal domain lengths, measured from the leading edge of the wing, were an upstream
length of 5.5c and downstream length of 10c. Following the guidelines suggested by
[158], an initial wall spacing of y+ of 1.2 and a stretching ratio of 1.2 was used. The
width and height of the domain equalled that of the hard wall wind tunnel discussed in
Section 3.4.1, 0.9  0.6 m.Appendix A Computational Simulations 149
The ow within the vicinity of the wing tip and its development downstream were the
main area of interest. However, the tip vortex entrains much of the turbulent wake.
Therefore, care was taken when meshing these regions. The use of cubic cells behind the
trailing edge provided a way of obtaining the required resolution in the least expensive
way. The nal grid had 5.6 x 106 cells. Pictures of the computational grid are shown in
Figures A.1 and A.2, the grid topology in Figure A.3 and the grid spacing is presented
in Tables A.1 and A.2. The tabulated spacing was comparable to values presented in
the literature [58].
Figure A.1: An overview of the on-surface grid.
(a) Leading-edge (b) Trailing-edge
Figure A.2: On-surface grid at leading-edge and trailing-edge of the symmetric wing.
Table A.1: Grid spacing in the boundary layer.
Wing location Normal spacing Streamwise spacing
Leading-edge 8.8 x 10 5c 5.4 x 10 4c
Trailing-edge 9.2 x 10 5c 6.7 x 10 5c
Table A.2: Approximate grid spacing in the vortex core at x=c = 1.
Cross stream 3.5 x 10 3c
Streamwise 2.1 x 10 2c
Points across core  25Appendix A Computational Simulations 150
(a) Whole domain
(b) Across the wing
Figure A.3: Grid topology.
A.5 Boundary Conditions
The boundary conditions were as follows:
 No-slip: all three components of velocity were equal to zero on the surface of the
wall, in Cartesian co-ordinates. The wing had a no-slip boundary condition, with
the exception being the locations of the DBD actuator.
 Slip wall: a shear boundary condition was used to simulate the eect of the DBD
actuator. The actuator strength was set to 40 mNm 1, which was stated as being
the value generated by current DBD actuators [19]. The discharge length was
assumed to equal 4 mm. This simplied boundary condition was used given the
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 Symmetry condition: this was used on the wind tunnel walls to set zero-shear slip
walls. As a consequence, the boundary layer was not resolved in these regions and
so a coarser mesh could be used.
 Velocity inlet and pressure outlet conditions: specied uniform inow of 15 ms 1
in the x-direction. The gauge pressure was set to zero at the outlet. The modied
turbulent viscosity was set to 0.001 m2s 1.
A.6 Constants in S-A Model
The following describes the functions and constants in the Spalart-Allmaras (SA) RANS
turbulence model that was discussed in Chapter A.2.
The modied turbulent viscosity (e ) is related to the eddy viscosity (t) by:
t = ~  fv1 (A.7)
fv1 =
3
3 + C3
v1
;  
~ 

; (A.8)
where,
 = kinematic molecular viscosity. The function fv1 can be described as being an
empirical damping function that attenuates the eddy viscosity in the sub-layer. In the
sublayer, the attempt is made to ensure a linear prole with the correct log-law intercept.
The original production term is dened as [15, 159]:
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The denition of vorticity magnitude (S) was modied, as was discussed in Section A.2,
to that of Equation A.6. The reason for this was to reduce the eddy viscosity in the
laminar-like vortex core [15].
The wall destruction function fw is dened as:
fw = g

1 + C6
w3
g6 + C6
w3
1=6
; g = r + Cw2(r6   r); r 
~ 
~ S2d2 (A.11)
The trip function ft1 was not used in this study, while function ft2 was dened as:
ft2 = Ct3 exp( Ct42) (A.12)
The SA coecients were:
 = 2=3; Cb1 = 0:1355; Cb2 = 0:622;  = 0:41; Cw1 = Cb12 + (1 + Cb2)=;
Cw2 = 0:3; Cw3 = 2; Cv1 = 7:1; Ct1 = 1; Ct2 = 2; Ct3 = 1:2 and Ct4 = 0:5.
A.7 Simulations
As the computational portion of the research was conducted prior to the experiment,
the data presented by Boesch et al [19] was used to validate the computational results
obtained. Boesch et al. carried out computational studies at a Reynolds number of
1.5104, compared to 2.8 105 in this research, and obtained the body force distribution
by solving the model equations on a ne rectangular mesh. This distribution was then
mapped onto a coarser mesh containing the wing. The authors used a NACA 4418
at an angle of attack of zero degree. Neither their geometry nor set-up matched that
used in the research conducted herein. However, comparing the computational results
obtained from this research and that of Boesch et al. at least allowed a means of
ensuring the overall expected trends were obtained. For example, Table A.3 shows the
lift coecients obtained with and without control for the two computations. From this,
the trends of the simulations conducted herein were in keeping with those reported by
Boesch et al. When comparing results, the lift coecient was the only quantitative
data available. However, qualitative comparisons were possible. Boesch et al. [19]
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with a lower level of vorticity. The same trend was observed for the computations of
the present research. Overall, the computations conducted herein at least captured the
correct trend, specically that this DBD actuator conguration led to the diusion of
the tip vortex and an increase in lift coecient.
Table A.3: Comparing delta-lift coecients obtained from RANS simulations to the
computational results reported by Boesch et al. [19].
Case Actuator strength (mNm 1) CL (%)
Boesch et al. [19] 0 -
RANS 0 -
Boesch et al. [19] 40 1.5
RANS 40 2.9
Boesch et al. [19] 400 11.9
RANS 400 15.8
A.7.1 DBD actuator congurations
Several plasma actuator congurations were tested, they were as follows:
 DBD actuator 1 (Figure A.4(a)): by having the induced velocity in the direction
of the cross-stream ow it was envisaged that the adverse pressure gradient (APG)
would be alleviated and separation delayed. However, this could also result in the
formation of a strong tip vortex.
 DBD actuator 2 (Figure A.4(b)): the induced velocity was opposite in sense to
the direction of the oncoming ow, which was expected to aect the rolling up of
the shear layer from the pressure side of the wing.
 DBD actuator 3 (Figure A.4(c)): the adaptation to DBD actuator 1 was set up
to see whether the suction side actuator was needed. The results showed a less
pronounced reduction in lift coecient than that seen in DBD actuator 1 (Table
A.4).
 DBD actuator 4 (Figure A.4(d)): the aim was to delay ow separation with the
pressure side actuator and then aect the formation of the tip vortex on the suction
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(a) DBD actuator 1 (b) DBD actuator 2
(c) DBD actuator 3 (d) DBD actuator 4
Figure A.4: Actuator congurations investigated computationally. Arrows indicate
direction of induced velocity. Grey box represents location of DBD actuator.
Table A.4: Aerodynamic coecients of several DBD actuator congurations calcu-
lated from RANS simulations. DBD actuator 5 had the same conguration as actuator
2, but an actuator strength of 400 mNm 1, instead of 40 mNm 1, was used.
Actuation CL CD CL (%) CD (%)
None 0.278 0.0288 - -
DBD actuator 1 0.268 0.0283 -3.6 -1.7
DBD actuator 2 0.286 0.0291 2.9 1.0
DBD actuator 3 0.277 0.0288 -0.4 0.0
DBD actuator 4 0.282 0.029 1.4 0.7
DBD actuator 5 0.322 0.0331 15.8 14.9
The negative CL obtained for DBD congurations 1 and 3 indicated a decrease in the
lift coecient. The orientation of DBD actuators 1 and 3 resulted in the formation of
a strong tip vortex that increased the downwash, hence the decrease in lift. Both DBD
actuators 2 and 4 caused an increase in the lift and a slight increase in drag. From both
the computational results of this research and those reported by Boesch et al. [19], the
conguration of DBD actuator 2 increased the aerodynamic performance of the wing and
resulted in the formation of more diused vortex. It was also observed to produce a more
diused tip vortex than that of DBD actuator 4. Howe [160] stated that vorticity mayAppendix A Computational Simulations 155
be regarded as the ultimate source of sound generated by a ow. Therefore, in relation
to the aims of the symmetric wing research, to develop an approach to reduce tip vortex
noise, the results of actuator conguration 2 were promising as a lowering of the core
vorticity contained in the evolving vortex ow eld would have implications on associated
noise levels. Therefore, based on the positive results, DBD actuator conguration 2 was
selected for further tests, the results of which are discussed in Chapter 5.Appendix B
Slat Tonal Noise Control
Preliminary Research
Preliminary experiments were conducted with a two-element model in the hard wall 0.9
x 0.6 m wind tunnel with the aim of improving the understanding into the near eld
acoustic eect of a DBD actuator on slat noise. The two-element model was initially
designed, constructed, and tested by Chen [23]. This chapter details the preliminary
research conducted with the two-element model and is divided into two main sections.
Firstly, a discussion is given on the experimental set-up, which includes descriptions
of the model geometry and DBD actuator design. In the second section the near eld
acoustic results are presented and discussed.
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B.1 Experimental Strategy
Prior to the construction of the three-element high-lift wing used in Chapter 6, prelim-
inary experiments were conducted with a two-element slat model in the hard wall 0.9
 0.6 m wind tunnel. As discussed previously, diculties may arise when acquiring
acoustic measurements in closed-section hard wall wind tunnels. This includes uctu-
ating aerodynamic pressure generated by the air ow over the microphone, high levels
of background noise, and the hard wall giving rise to image noise sources. Furthermore,
when testing in the 0.9  0.6 m wind tunnel, it was neither possible to acquire acoustic
measurements in the far eld or outside of the ow. However, the tests conducted in
the hard wall wind tunnel allowed for a familiarisation of the test set-up, and the explo-
ration of novel control techniques for attenuation of slat noise. This chapter details the
preliminary research conducted with the two-element model. Following these prelimi-
nary experiments, tests were conducted with the three-element model in the anechoic
chamber, the results of which were discussed in Chapter 6.
B.1.1 Wind tunnel model
Tests were conducted with a two-component model with a RA16SC1 section [130] (Fig-
ure B.1). Component dimensions are shown in Table B.1. With the wing at an angle
of attack of 0 degree, the origin of the axis system was at the leading-edge of the main
element in the x-z plane and at the mid-span location in the y direction. The model had
a span of 0.5 m. The reference chord length, based on the main element chord (cm), was
0.35 m. The slat horizontal gap (Ohs) and vertical gap (gs) were respectively 0.036cm
and 0.026cm. The slat deection angle (s) was xed at 30 degrees. The free-stream
velocity and angle of attack of the wing in the experiment were respectively 25 ms 1,
which corresponded to a main element chord based Reynolds number of 5.7  105, and
4 degrees. Given the aims of this preliminary research, neither the Reynolds number
nor angle of attack dependencies were investigated. This experimental set-up was based
on the settings used by Chen [23].Appendix B. Slat Tonal Noise Control Preliminary Research 158
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Ohs
gs
0.35 m
0.088 m
30 degrees
Figure B.1: Schematic of two-element wing.
Table B.1: Two-element wing dimensions.
Geometric feature Value
Main element chord (cm) 0.35 m
Main element span (bm) 0.550 m
Slat chord (cs) 0.088 m
Slat span (bs) 0.550 m
Slat deection angle (s) 30 degrees
Slat horizontal gap (Ohs) 0.036cm
Slat vertical gap (gs) 0.026cm
B.1.2 DBD actuator
The DBD actuator design was the same as that described in Section 3.3. The actuator
was constructed using a 0.5 mm thick silicon rubber dielectric and 0.076 mm thick copper
tape electrodes. The widths of the exposed and covered electrodes were 5 and 10 mm
respectively. The gap between the two electrodes was 0 mm. The working frequency
of the plasma was xed at 12.5 kHz. The DBD actuator was controlled by a dSPACE
(DS1104) system that regulated the duty cycle of the square waveform via pulse width
modulation (PWM). The DBD actuator was placed at the slat cusp of the two-element
model. The direction of induced velocity was opposite in sense to that of the free-stream
ow (Figure B.2). The hardware set-up of the experiment was the same as that discussed
in Section 6.3.
B.1.3 Near eld acoustics
Near eld measurements of the slat system were acquired with a Bruel & Kjaer 4948
microphone, mounted inside the slat cavity at the mid-span point (Figure B.2). The
signal from the microphone was acquired using the dSPACE system and amplied usingAppendix B. Slat Tonal Noise Control Preliminary Research 159
Sponge cover
Near eld microphone
DBD actuator
U1
Figure B.2: Location of microphone and DBD actuator in two-element wing experi-
ment.
an amplier with an adjustable gain. The data was sampled at a frequency of 20 kHz,
with a block size of 4096, and averaged over 120 blocks. This gave a frequency resolution
of f = 4.8 Hz. The uncertainty in the measurements were the same as those described
in Section 3.5.4.
B.2 Preliminary Results
B.2.1 Open-loop control
Figure B.3 shows a comparison between the output voltages of the control o and control
on cases. The near eld signal was ltered using a low-pass lter set to 9.6 kHz. A
reduction in the near eld voltage signal would be indicative of a lowering of the near
eld pressure signal, although the acoustic pressure uctuations cannot be distinguished
from that of the aerodynamic pressure uctuations. However, no distinct dierences
were observed between the control o and control on cases. With the same set-up as
the research presented herein, Chen's [23] research indicated that an attenuation of
the far eld sound pressure levels occurred, but only across a certain frequency range
(between 4 to 8 kHz). Following Chen's results, it was hypothesised that the DBD
actuator was lowering the near eld pressure across a certain frequency range. However,
as only a low-pass lter was being used, the near eld voltage signal was dominated by
the low-frequency high energy uctuations that were unaected by the DBD actuator.
Based on the frequency range across which the actuator had an eect, a band-pass
lter (Barr and Stroud EF3) was used to restrict the frequency range of the near eldAppendix B. Slat Tonal Noise Control Preliminary Research 160
microphone to between 3.5 and 9.2 kHz. From Figure B.4, doing so greatly improved the
resolution of the actuator's eect on the near eld signal. In keeping with the far eld
observations of Chen [23], the gure shows a signicant reduction in the voltage signal
when control was switched on. Although it is not possible to directly infer that the near
eld reductions represented an attenuation in acoustic and not aerodynamic pressure,
it seems a reasonable hypothesis to state that the near eld reductions correlated to an
attenuation of the acoustic pressure in the far eld, given the results of Chen. Unlike in
Chen's research, the implementation of the high-pass and low-pass lters in the research
presented herein allowed for an improved resolution into the near eld eect of the DBD
actuator. This was an important requirement for the feedback control portion of the
study, as the near eld signal would be the control output for the feedback controller.
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Figure B.3: Low-pass ltered output voltage signal of the near eld microphone.
Re = 5:7  105,  = 4 degrees. E = 10 kV, duty cycle = 40%.
The RMS pressure (prms) measured from the near eld microphone was selected to be the
control output for the feedback controller, the rationale for this decision was discussed in
Section 6.3. A reduction in the near eld RMS pressure was considered to correspond to
a reduction in the far eld sound pressure levels. To investigate the relationship between
near eld prms and the DBD actuator's strength a parametric study was conducted, in
which both the duty cycle and actuation voltage of the actuator were varied. Figure
B.5(a) indicated that an increase in either of these variables resulted in a lower value
of the near eld RMS pressure, although past a duty cycle of 15%, the prms was highly
dependent on actuation voltage. Figure B.5(b) shows the relationship between suppliedAppendix B. Slat Tonal Noise Control Preliminary Research 161
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Figure B.4: Switching open-loop control o and on. Low-pass and high-pass ltered
output voltage signal of the near eld microphone. Re = 5:7  105,  = 4 degrees.
E = 10 kV, duty cycle = 40%.
power and prms. In Figure B.5(b), the largest change in prms occurred between a supplied
power of 0 to 6 W and this was independent of voltage. It would appear that 6 W
represented the minimum supplied power needed in order for the actuator to have any
signicant eect on the near eld prms, which equated to an induced velocity of 1 ms 1.
This result is in keeping with the results reported in Chapter 6. The attenuation of the
near eld pressure was thus achievable with only a relatively low control input.
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Figure B.5: Near eld variation in RMS pressure (prms) with duty cycle and supplied
power. Re = 5:7  105,  = 4 degrees.
To further examine the relationship between the control input and output, with the
actuator operating in open-loop control, a frequency response study was conducted in
which the duty cycle of the actuator was modulated via a sinusoidal wave. The frequencyAppendix B. Slat Tonal Noise Control Preliminary Research 162
range of sinusoidal waves tested ranged from 0.01 to 10 Hz. The driving signal of the
DBD actuator was xed at 12.5 kHz. To achieve the prescribed range of sinusoidal
wave frequencies, the driving signal of the actuator was superimposed onto a sinusoidal
wave. As an example, a sinusoidal wave that had a frequency of 0.2 Hz modulated the
duty cycle at that frequency, while the DBD actuator continued to operate at 12.5 kHz.
Following the results of Figure B.5, the duty cycle range of the actuator was set to
between 0 and 15% and the actuation voltage xed at 5.5 kV. A typical example of the
results obtained is shown in Figure B.6(a). From this result, when the duty cycle was
at a maximum the near eld output voltage was at a minimum, and vice versa. Linking
this back to slat noise, the results indicate a close relationship between duty cycle and
the near eld noise levels. Post-processing the data in Matlab, the absolute value of
the output voltage signal was calculated, and then a low-pass lter (Chebyshev Type I)
applied to remove the high frequency components. The result of this is shown in Figure
B.6(b). In this gure, the red line is a curve tted to the output voltage signal and the
green line the duty cycle. The two were approximately 180 degrees out of phase. It is
assumed that the peaks and troughs of the output voltage signal respectively indicated
the presence and suppression of the slat tonal noise. For the feedback control portion of
the research, the results indicated that when using the duty cycle as the control input,
the controller had the capability to achieve a wide control authority range by either
suppressing or not suppressing the slat noise feature. The objective of implementing
control was the minimisation of the slat noise over the duration of the test, therefore
these results indicated that the duty cycle range would be an important variable for
determining the performance of the feedback controller.
Several new and positive results were achieved from the open-loop control tests con-
ducted in the hard-wall wind tunnel. Firstly, the implementation of a band-pass ltered
improved the near eld resolution into the eect of the DBD actuator on the near eld
voltage signal. Secondly, it was shown that the near eld signal was susceptible to a low
control input. Thirdly, by implementing a frequency response study, an approximately
antiphase relationship between the near eld pressure and duty cycle was determined.
Following the open-loop control tests, and the knowledge gained from conducting it, the
next phase of the preliminary research was the development of a novel control technique
for slat noise feedback control.Appendix B. Slat Tonal Noise Control Preliminary Research 163
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Figure B.6: Frequency response study between near eld output voltage of micro-
phone and duty cycle of actuator. Re = 5:7  105,  = 4 degrees.
B.2.2 Closed-loop control
For the feedback control portion of the research, a proportional-integral-derivative con-
troller (PID controller) was selected as the control type, the rationale behind this was
discussed in Chapter 6.4. The PID controller consists of three gains, one proportional,
one integral, and the other derivative. The proportional term makes adjustment by
multiplying the current error signal by the proportional gain constant. The value of
this gain aects the stability of the system. If the gain is too high then the system can
become unstable. If the gain is too low the output will be small and the response of
the system will be slow or less sensitive. The integral term is dependent on both the
magnitude and the duration of the error and it can speed up convergence and remove
the steady state error of the proportional controller [155, 161]. The derivative term is
a predication of future errors based on tracking the current error over time. Depending
on the application, only one or two gains of the controller may be implemented. In
practice the derivation action is seldom employed due to its sensitivity to measurement
noise [161].
The preliminary research examined the PI and P types of control. A P control with a
ramp signal was also tested. The proportional gain (Kp) was obtained from the slope
of the Prms-duty cycle line in Figure B.5(a). The integral gain (Ki) was obtained by
trial and error. A parametric study of the controllers examined the impact varying the
set point value, xed time-step, and gains had on its ability to attenuate the near eld
voltage signal. The results obtained from this parametric study showed that comparableAppendix B. Slat Tonal Noise Control Preliminary Research 164
levels of performance were achieved for the PI and P-controller type. To reduce the num-
ber of parameters investigated when testing in the anechoic chamber, the P-controller
was selected for further testing. Before this, one further test conducted in the hard-wall
wind tunnel was the implementation of a P-controller with a ramp signal.
The addition of a ramp signal to the P-controller aimed at smoothing transition from
the baseline RMS pressure to the target RMS pressure, with the aim of reducing the
power consumption of the actuator power supply. Figure B.7(b) shows the P control
with a ramp signal, the absolute mean value of the near eld signal was used as the
tracking variable. In addition to testing the ramp signal, the tracking variable was also
investigated in which either the RMS pressure or mean absolute pressure of the near eld
signal was used. Both tracking variables were shown to be eective. However, as RMS
pressure directly related to the far eld sound pressure levels, it was considered to be
a better representation of the physically aims of control. Therefore, RMS pressure was
selected as the tracking variable. When comparing the performance of the standard P-
controller and P-controller with a ramp signal, the approach of smoothing the transition
with a ramp signal impacted the actuator's ability to attenuate noise, and eectively
introduced a lag into the system. The initial faster response time of the standard P-
controller resulted in better performance. Based on these results, the P-controller was
selected for further testing in the anechoic chamber.
A comparison of the near eld output voltage signal for the P-controller and open-
loop control is shown in Figure B.8. The open-loop control had a duty cycle of 14%,
which equalled the mean duty cycle of the P-controller. The open-loop control shows a
continuous attenuation across the sampling time, however for the P-controller whenever
the duty cycle dropped below approximately 10%, the near eld signal increased. ThisAppendix B. Slat Tonal Noise Control Preliminary Research 165
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Figure B.7: Examples of the types of closed-loop control implemented using the
Simulink tools of Matlab and dSPACE system during the two-element wing experiment.Appendix B. Slat Tonal Noise Control Preliminary Research 166
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Figure B.8: Near eld output voltage of microphone for P-controller and open-loop
control. Re = 5:7  105,  = 4 degrees.
highlighted the need to consider the duty cycle range of the controller as one of the
parameters governing its performance. This parameter was examined in the testing
carried out in the anechoic chamber, as discussed in Chapter 6. It was not possible to
directly compare the performance of open-loop and closed-loop control from the results
obtained in the preliminary research, as the far eld sound pressure levels were not
measured.
The preliminary research deepened the understanding into the open-loop control perfor-
mance, and the relationship between the near eld RMS pressure and the DBD actuator
settings. The results show that the noise source was susceptible to a low control input
of an induced velocity of 1 ms 1. An exploration of dierent control types led to the
decision of testing a P-controller in the anechoic chamber tests with the near eld prms
as the tracking variable. Several variables of the controller have been identied as gov-
erning the performance of the controller, including the duty cycle range. The knowledge
gained from this preliminary research directly fed into the planning and execution of the
test campaign conducted in the anechoic chamber that investigated the attenuation of
slat tonal noise with a three-element model that was discussed in Chapter 6.References
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